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DEFINITION  OF  TERMS  AND  SYMBOLS 


device  - 

fusion  - 


element  - 
thyristor 

switch  - 


gate  - 

trigger  - 


Usually  used  to  mean  a  single  LASS  element.  Used  inter¬ 
changeably  with  element  and  fusion;  also  used  to  denote  a 
completely  packaged  semiconductor  such  as  a  thyristor  or 
transistor. 

The  active  element  of  a  thyristor.  It  consists  of  the  sili¬ 
con  wafer  (with  the  proper  impurity  diffusions)  bonded 
(fused)  to  a  molybdenum  plate  for  mechanical  strength  and 
then  metallized  on  the  free  silicon  surface.  Patterns  are 
cut  as  appropriate  in  the  metallization  and  the  edges  of 
the  fused  assembly  are  bevelled  and  passivated.  This  is  the 
working  part  of  a  thyristor. 

Frequently  used  to  mean  fusion.  Also  called  "active  element," 

Properly  the  environmentally  packaged  fusion  but  sometimes 
used  to  mean  the  fusion. 

An  electrical  component  capable  of  completing  and/or  inter¬ 
rupting  an  electrical  circuit.  In  the  context  of  this 
report  it  usually  refers  to  the  closing  type.  It  can  refer 
to  a  single  functioning  component  or  to  a  plurality  of 
components  arranged  to  provide  a  higher  capability  (usually 
referred  to  as  "switch  system") . 

The  process  of  turning-on  a  thyristor.  It  is  usually  an 
electrical  signal  of  control  (rather  than  power)  magnitude. 

See  trigger  and  fire. 

The  process  of  turning-on  a  thyristor  in  the  conventional 
manner  either  with  an  electrical  or  optical  signal.  See 
gate  and  fire. 


xiv 


fire  - 


The  process  of  turning-on  a  thyristor  in  a  very  fast  manner 
by  using  a  strong  light  of  the  proper  wavelength  such  as 
that  obtained  from  a  Nd:YAG  laser.  Contrast  with  gate  and 
trigger  which  imply  a  conventional,  slower  turn-on  of  the 
thyristor. 


I  - 
dl/dt 

J  - 
V  - 
A  - 
v 

s 


electrical  current. 

rate  of  change  (usually  rise)  of  current.  Usually  specified 
in  A/psec. 

2 

current  density,  usually  in  A/cm 
electrical  potential  in  volts, 
amperes 

plasma  spreading  velocity,  usually  in  pm/psec. 
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SUMMARY 


For  several  years  it  has  been  apparent  that  the  pulsed  power 
community  will  need  a  significantly  improved  electrical  switch  in  the 
late  1970's  or  early  1980's  for  high  energy  programs  such  as  electro¬ 
magnetic  pulse  testors,  laser  weapons,  laser  or  electron-beam  induced 
fusion,  and  isotope  separation.  Each  of  the  conventional  switches 
(e.g.,  thyratrons,  ingitrons,  spark  gaps,  etc.)  that  are  being  used  to 
perform  preliminary  experiments  to  checkout  the  technical  feasibility 
of  these  systems  have  one  or  more  deficiencies  such  as  inadequate  life, 
low  repetition  rate  capability,  low  average  current,  or  trigger  stability 
problems  that  render  them  unsuitable  for  an  operational  system.  A 
new  device,  the  laser  activated  silicon  switch  (LASS),  has  the  potential 
to  meet  simultaneously  all  of  the  desired  performance  and  life  require¬ 
ments.  The  LASS  is  a  pnpn  structure  similar  to  a  thyristor  and  would 
have  the  long  life  and  high  reliability  associated  with  solid  state 
devices.  Thyristors  that  can  control  over  one  megawatt  steady-state 
are  commercially  available,  and  typically  such  devices  can  operate  in 
the  pulse  mode  at  10  times  or  more  of  the  steady-state  rating.  In 
addition  experiments  in  the  late  1960 's  and  early  1970 's  showed 
that  by  using  a  Nd:YAG  laser  beam  to  fire  the  thyristor,  rather  than 
using  the  conventional  electrical  gating  signal,  very  fast  turn-on 
could  be  achieved. 

With  this  background,  the  Aero  Propulsion  Laboratory  of  the 
United  States  Air  Force  entered  into  a  research  contract  with  the 
Research  and  Development  Center  of  the  Westinghouse  Electric  Corporation 
to  advance  the  understanding  of  the  operation  of  the  LASS.  The  contract 
had  two  major  thrusts:  1)  an  analytical  and  theoretical  study  of  the 
principles  of  operation  of  the  LASS,  with  the  goal  of  constructing  a 
model  that  would  predict  the  performance  of  a  particular  LASS  design; 
and  2)  an  experimental  study  that  would  provide  inputs  to  the  theoretical 
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model  for  data  that  cannot  be  derived  in  a  practical  manner  from  first 
principles,  and  also  that  would  be  a  vehicle  for  the  experimental 
verification  of  the  model.  A  further  goal  of  the  experimental  study 
was  to  demonstrate  a  significant  advance  in  the  performance  of  the  LASS; 
specifically,  to  achieve  the  following  performance  goals  with  a  single 
device. 


peak  current 

-  20000  A 

dl/dt 

20000  A/ysec  minimum 

blocking  voltage 

2000  V 

current  pulse  width 

40  usee 

pulse  repetition  rate 

1  pps 

The  ultimate  pulse  rate  desired  with  the  other  specifications  constant 
was  500  pps,  but  for  the  experimental  study  there  were  two  limitations 
on  the  repetition  rate.  First,  there  was  not  sufficient  controlled 
power  (800  kW)  readily  available  to  operate  at  full  specification  values 
and  500  pulses  per  second.  Second,  and  more  important,  it  was  believed 
that  the  peak  current  and  pulse  width  goals  were  sufficiently  challenging 
that  the  added  burden  of  a  high  repetition  rate  was  premature.  It  would 
have  required  extensive  design  and  fabrication  time  to  build  a  test 
fixture  to  simultaneously  meet  all  of  the  optical,  power,  instrumentation, 
and  heat  removal  requirements  for  the  LASS  operating  at  full  repetition 
rate. 

The  goals  of  the  cortract  were  met.  An  analytic  model  of  the 
LASS  was  developed  and  coded  in  FORTRAN.  This  model  accepts  various 
design  and  operational  data  as  input,  and  generates  three  dimensional 
curves  showing  the  temporal  and  spatial  distribution  of  the  current  and 
of  the  temperature  in  the  device.  It  also  generates  a  curve  showing 
the  forward  voltage  drop  of  the  device  as  a  function  of  time.  The  data 
from  the  model  were  verified  by  the  results  of  the  experimental  study. 

In  addition,  LASS  units  were  fired  in  the  special  pulse  circuit  built 
for  the  experimental  study  and  the  following  values  were  achieved: 
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peak  current  >25000  A 

flat  top  of  pulse  current  -  20000  A  nominal 

dl/dt  >40000  A/ysec 

blocking  voltage  >2000  V 

current  pulse  width  40  ysec  (FWHM) 

pulse  repetition  rate  1  pps 

Several  LASS  devices,  each  50  mm  in  diameter,  met  the  above 
values  and  considerable  data  was  obtained  on  these  devices.  However, 
the  thermal  design  of  the  test  fixture  was  adequate  to  remove  heat  for 
only  a  few  seconds  of  continuous  operation  at  one  pulse  per  second, 
and  all  devices  were  eventually  failed. 

The  report  describes  in  detail  the  various  tasks  and  results. 
It  is  concluded  that  the  LASS  does  have  the  potential  capabilities 
desired  in  a  very  fast,  extremely  high  power,  long  life  switch,  but 
that  considerable  research  and  development  work  is  required  before 
the  LASS  will  be  a  candidate  for  operational  systems.  Recommendations 
for  future  work  are  provided. 


1 . 0  INTRODUCTION 


There  has  been  increasing  evidence  over  the  past  several  years 
that  an  improved  electrical  switch  is  needed  for  high  energy  lasers,  elec 
tron  beams,  and  plasma  physics  experiments.  Such  switches  will  be 
used  in  the  control  of  capacitively  stored  energy  ranging  from  a  few 
kilojoules  up  to  tens  of  kilojoules  at  voltages  from  a  few  tens  of  kV 
up  to  hundreds  of  kV.  The  pulse  rate  required  will  be  of  the  order  of 
a  few  pulses  per  second  up  to  tens  of  kilopulses  per  second  with  rise 
times  ranging  from  about  one  microsecond  down  to  a  few  nanoseconds. 

The  switch  should  also  be  capable  of  very  long  life  under  adverse  oper¬ 
ating  conditions.  Traditionally,  thyratrons,  spark  gaps,  and  ignitrons 
have  been  used  for  such  high  power  switching,  but  each  type  of  available 
switch  has  limitations  so  that  the  high  voltage,  high  current,  low  jitter 
high  rise  time,  long  life,  freedom  from  false  triggering,  etc.,  cannot 
all  be  achieved  simultaneously  from  any  one  type.  In  contrast  the 
thyristor,  a  four-layer  (pnpn) semiconductor  device,  has  the  longevity 
of  solid  state  devices  and  a  power-switching  capability  approaching  that 
of  the  spark  gap.  The  inherent  switching  speed  of  the  electrically 
triggered  device  is  relatively  slow,  but  experimental  and  theoretical 
work  prior  to  this  contract  indicated  the  possibility  of  a  dramatic 
increase  in  the  switch-on  speed  of  thyristor  type  structures.  This 
improvement  is  achieved  by  the  use  of  the  laser  activated  silicon  switch 
(LASS)  which  shows  promise  of  meeting  all  of  the  desired  performance 
requirements  simultaneously.  In  addition,  the  LASS  has  the  advantage 
of  being  fabricated  from  reasonably  sized  and  rated  components  so  that 
it  is  modular  in  nature.  Therefore,  its  rating  in  current  and/or 
voltage  may  be  increased  or  decreased  in  modest  or  large  steps  without 
major  redesign  of  every  component. 

The  reason  for  the  expected  dramatic  increase  in  turn-on 
performance  of  tne  LASS  compared  to  conventional  solid  state  thyristors 
is  described  in  detail  in  Section  II,  Theoretical  Analysis.  The 
reasoning  can  be  summarized  as  follows:  The  rate  of  rise  of  current  in 
most  thyristors  must  be  limited  by  the  external  circuit  because  only 
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a  small  region  of  the  device  is  initially  turned  on  when  an  electrical 
trigger  signal  is  applied  to  the  gate  electrode.  If  the  full  load 
current  were  allowed  to  rise  instantly,  the  heat  generated  locally  in 
the  small  turned-on  region  in  the  device  could  be  sufficient  to  cause 
the  silicon  to  melt.  External  circuitry  must  be  incorporated  in  the 
system  to  limit  the  current  rise  until  the  turned-on  region,  or  plasma, 
in  the  thyristor  has  spread  to  the  entire  device.  The  size  of  the  region 
that  is  initially  turned-on  has  been  increased  substantially  on  modern 
high  speed  thyristors  by  incorporating  an  amplifying  interdigitated 
gate  structure.  Here  a  small  built-in  thyristor  is  initially  turned 
on  and  anode  current  is  used  to  turn  an  a  much  larger  area  of  the  device. 
By  this  technique,  turn-on  speeds  of  several  thousand  amperes  per 
microsecond  can  be  obtained.  Unfortunately,  series  strings  of  the 
devices  cannot  be  conveniently  operated  because  of  variations  in  the 
turn-on  speed  from  device  to  device. 

A  superior  way  to  turn-on  the  device  is  to  use  a  laser  beam 
with  a  wavelength  that  is  matched  to  the  bandgap  of  the  silicon.  Large 
areas  of  the  device  can  be  turned-on  extremely  rapidly  and  a  series 
string  can  be  fired  simultaneously  by  a  single  laser.  In  addition, 
this  arrangement  does  not  require  complex  isolated  trigger  circuits. 

Prior  to  this  contract,  scientists  at  the  Westinghouse  Research  and 
Development  Center  had  constructed  devices  which  were  modifications  of 
standard  thyristors  and  which  were  switched  on  using  a  laser  beam. 

Only  limited  design  and  parametric  studies  were  carried  out  to  optimize 
the  initial  area  of  turn-on  and  the  pulse  rate  at  which  the  device  could 
be  operated.  Nevertheless,  rates  of  rise  of  20,000  A/psec  rising  to 
3000  A  were  observed  at  a  low  repetition  rate,  indicating  a  substantial 
area  of  initial  turn-on. 

Recognizing  that  the  LASS  was  a  potential  candidate  device  to 
fulfill  the  needs  for  a  greatly  improved  switch,  the  United  States  Air 
Force  and  the  Westinghouse  Electric  Corporation  undertook  a  research 
program  to  increase  the  demonstrated  performance  levels  of  the  LASS. 

The  long  range  goal,  not  intended  to  be  achieved  in  this  contract,  was 


to  develop  an  efficient,  lightweight,  high  power,  high  voltage,  optically 
triggered  switch  using  the  general  approach  of  stacking  high  voltage, 
optically  triggered  thyristors  in  series  and  triggering  them  simul¬ 
taneously  with  a  single,  Q-switched,  neodymium  YAG  laser.  The  ultimate 

goal  of  the  program  was  to  determine  how  a  single  thyristor  triggered  bv 
3+ 

a  Q-switched  Nd  :YAG  laser  can  be  fabricated  which  can  achieve  perfor¬ 
mance  levels  of  20,000  A  peak  current,  20,000  A/psec  dl/dt,  and  2000  V 
forward  blocking  voltage  with  a  pulse  duration  as  long  as  40  ysec  at 
pulse  repetition  rates  up  to  500  pulses/sec.  A  specific  immediate  goal 
of  the  contract  was  to  design,  fabricate,  and  demonstrate  a  thyristor 
that  meets  this  electrical  performance  but  at  a  repetition  rate  of  one 
pulse  per  second. 

Towards  meeting  the  above  goals,  the  program  had  three  primary 
objectives:  (1)  to  develop  parametric  design  information,  (2)  to  extend 

the  state  of  the  art  of  these  devices  to  improve  their  current  and 
voltage  capability,  and  (3)  to  maintain  the  high  dl/dt  value  at  high 
current  and  pulse  repetition  frequencies.  While  accomplishing  these 
objectives,  potential  problems  (and  approaches  to  solving  these  problems) 
in  the  eventual  packaging  of  the  device  were  to  be  considered. 

The  approach  to  achieve  the  primary  objectives  was  as  follows: 
The  LASS  device  was  studied  both  theoretically  and  experimentally  to 
develop  parametric  design  information.  The  area  of  the  device  switched 
on  was  examined  using  a  new  technique  that  observed  the  radiation  emitted 
by  recombining  carriers.  From  this  measurement  the  carrier  density 
distribution  was  obtained.  This  information  was  applied  as  one  input 
to  the  computer  program  developed  from  the  theoretical  analytic  model. 

The  computer  program  generated  tables  or  plots  of  the  voltage-current 
characteristics  and  the  local,  instantaneous  temperature  rise  of  the 
device  for  each  set  of  current  pulse  conditions.  Various  device  designs 
were  constructed  and  evaluated  to  generate  empirical  data  for  parameters 
needed  by  the  analytic  model  and  to  verify  the  predictions  of  the  model. 

The  primary  objectives  of  the  program  were  met,  and  the  target 
performance  objectives  for  the  fabricated  devices  were  exceeded.  However, 
much  work  remains  to  be  done  before  it  will  be  practical  to  design  and 
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construct  a  very  high  power,  very  fast  LASS. 

The  report  is  organized  as  follows:  Section  2,  Theoretical 
Analysis,  describes  the  theoretical  analysis  and  computer  programming 
of  the  LASS.  The  experimental  work  is  discussed  in  detail  in  Section 
3,  Experimental  Verification.  Section  4,  Conclusions  and  Recommenda¬ 
tions,  contains  the  specific  conclusions  reached  as  a  result  of  this 
research  program,  and  addresses  the  major  areas  that  require  additional 
work  to  advance  the  LASS  technology.  Finally,  copies  of  the  original 
data  plus  an  extensive  collection  of  peripheral  information  that  is 
of  interest  to  this  program  are  contained  in  the  various  Appendices 
to  this  report. 


2.0  THEORETICAL  ANALYSIS 


This  section  describes  the  theoretical  analysis  and  model 
development  and  evaluation  performed  under  Task  1  of  the  contract.  The 
three  major  sections  describe,  respectively,  the  basic  theory  of  turn-on 
of  a  thyristor,  the  development  and  evaluation  of  the  theoretical  model 
to  describe  optically  activated  turn-on  under  high  dl/dt  and  high  peak 
current  conditions,  and  other  theoretical  analyses  performed  in  the 
course  of  the  contract. 

2.1  Thyristor  Theory  of  Operation. 

The  thyristor  is  a  three-terminal  bistable  device  with  a  low 
and  a  high  impedance  state.  The  device  can  be  triggered  from  the  high 
impedance  state  to  the  low  impedance  state  ("turn-on")  by  an  electrical 
pulse  applied  between  the  gate  and  cathode  contacts.  In  order  to  return 
the  device  to  the  high  impedance  state,  it  must  be  commutated  externally 
since  once  the  device  is  turned  on  the  gate  contact  loses  control. 

Although  the  dynamic  characteristics  of  turn-on  differ  with  the  type  of 
triggering,  once  the  device  is  fully  on  the  manner  in  which  it  was 
triggered  is  unimportant. 

The  primary  concern  of  the  work  reported  herein  is  extremely 
fast  turn-on  by  optical  activation  of  the  thyristor.  In  order  to 
understand  why  an  optical  signal  can  turn-on  a  thyristor  much  faster 
than  an  electrical  gate  signal,  it  is  necessary  to  examine  three 
mechanisms  of  thyristor  turn-on:  electrical  gating,  optical  gating 
with  slow  (comparable  to  electrical  gating)  turn-on,  and  optical  gating 
to  achieve  extremely  fast  turn-on.  The  following  discussion  will 
describe  the  mechanisms  of  these  three  types  of  turn-on.  Supplementary 
material  about  thyristor  operation  is  available  in  Semiconductor  Controlled 
Rectifiers  by  F.  E.  Gentry,  et  al.,  and  a  more  recent  book,  Thyristor 
Physics  by  A.  Blicher.^ 
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2.1.1  Electrical  Triggering. 

A  simple  way  of  looking  at  the  thyristor  is  with  a  two  tran¬ 
sistor  analog.  Two  transistors  comprise  the  thyristor;  the  collector 
region  of  an  npn  transistor  is  the  n-base  of  the  pnp  transistor  and 
the  collector  region  of  the  pnp  transistor  is  the  p-base  of  the  npn 
transistor  (see  Figure  2.1-1).  The  collector  junction  is  common  to 
both  transistors.  Then  the  collector  of  each  transistor  is  "driving" 
the  base  of  the  other  and  there  is  a  positive  feedback  loop.  If  one 
of  the  transistors  has  sufficient  gain  to  drive  the  other  into  saturation 
and  the  other  has  sufficient  gain  in  the  saturated  state  to  drive  the 
first  into  saturation,  then  both  transistors  will  remain  in  saturation 
until  the  external  current  is  reduced  sufficiently  to  bring  one  of  the 
transistors  out  of  saturation.  For  this  reason,  the  thyristor  must 
be  commutated  externally  to  revert  to  a  high  impedance  state. 

It  is  easily  shown  from  the  two  transistor  analog ^  that 


Anode 


anpnIgate  +  ICBOnpn  +  ^CBOpnp 


1  -  (a  +  a  ) 
npn  pnp 


where  I.  ,  is  the  anode  current,  I...  is  the  collector  junction 

leakage  current  (emitter  open)  of  the  respective  transistors,  and  a  is 

the  grounded  base  gain  of  the  respective  transistors.  It  can  be  seen 

that  I.  .  tends  to  infinity  as  the  sum  of  the  alphas  approaches  one, 
Anode 

and  this  corresponds  to  the  low  impedance  or  "on"  state  of  the  device. 

* 

The  criterion  of  switching  is  then  that  o  +  a  >1. 

npn  pnp  — 

Let  us  look  in  some  detail  at  electrical  triggering  of  an 
npnp  thyristor  where  the  p-base  is  used  as  the  gate.  Figure  2.1-2  is  a 
schematic  cross-section  of  a  typical  power  thyristor  shown  biased  in  the 
forward  blocking  state.  The  common  collector  junction,  J^,  is  reversed 
biased.  If  a  positive  voltage  is  applied  to  the  gate  relative  to  the 
cathode,  the  forward  biased  n-p  emitter  junction,  J^,  will  begin  to 


*The  sum  of  the  alphas  can  exceed  one  only  in  the  transient  turn  on 
during  which  the  "excess  current"  goes  into  compensating  the  space 
charge  of  the  common  collector  junction. 
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inject  electrons  into  the  p-base.  The  p-base  current  is  a  majority 
carrier  current  in  regions  remote  from  the  emitter  junction  near  the 
base  contact,  but  is  primarily  minority  carrier  injection  current  near 
the  emitter  junction.  Some  of  these  injected  electrons  diffuse  across 
the  p-base  region  where  they  enter  the  space  charge  region  of  the 
reversed  biased  common  collector  junction,  J2,  and  are  rapidly  swept 
by  the  high  field  region  into  the  n-base  which  they  enter  as  majority 
carriers.  These  electrons  lower  the  potential  of  the  n-base  causing 
holes  to  be  injected  by  the  p-emitter,  J^.  Some  of  these  holes  diffuse 
across  the  n-base  and  are  swept  into  the  p-base  by  the  high  field  at  3^ 
and  enter  as  majority  carriers.  These  carriers  cause  a  further  raising 
of  the  potential  across  causing  to  inject  more  electrons  and  the 
process  is  repeated.  If  the  initial  level  of  current  into  the  p-base 
is  large  enough,  the  regenerative  process  is  sufficient  to  overcome  the 
losses  in  the  system  and  the  positive  feedback  causes  each  transistor 
to  drive  the  other  into  saturation  resulting  in  a  low  impedance  state. 
Turn-on  has  now  begun  and  anode  current  is  established  at  the  inside 
edge  of  the  cathode  as  shown  by  the  arrows  of  Figure  2.1-2.  This 
overall  operation  has  been  a  rather  slow  process,  of  the  order  of  one- 
half  to  a  few  microseconds  depending  upon  various  device  and  circuit 
parameters.  This  initial  turn-on  delay  is  associated  with  the  carrier 
diffusion  time  across  the  base  regions.  The  diffusion  limited  transit 
time  in  a  field-free  region  of  width  W  is  W  /2D,  where  D  is  the  diffusion 
constant  for  the  minority  carriers,  i.e.,  holes  in  the  n-base  and  electrons 
in  the  p-base.  For  usual  thyristor  designs  the  p-base,  typically  about 
50  pm  wide,  has  a  large  aiding  drift  field  because  of  its  impurity  profile 
which  reduces  the  transit  time  by  about  a  factor  of  3.  The  delay  time 
therefore  is  primarily  identified  with  the  diffusion  time  across  the  ^ 

undepleted  portion  of  the  n-base. 

The  "on"  region  will  spread  laterally  at  some  velocity  in  the 
range  of  40  to  100  pm  per  psec.  This  will  be  discussed  further  in 
Section  2.1.4.  In  order  not  to  cause  damage  by  excessive  current  density, 
the  anode  current  must  be  limited  by  the  external  circuit  until  substantial 
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spreading  of  the  "on"  region  has  taken  place.  When  the  turn-on  process 
is  completed,  a  plasma  of  electrons  and  holes  exists  in  the  base  regions 
of  the  device  with  a  density  distribution  as  shown  by  the  upper  curves 
of  Figure  2.1-3. 

2.1.2  Optical  Triggering — Slow  Turn-On. 

The  thyristor  can  be  optically  triggered  in  a  manner  analogous 
to  the  electrical  trigger.  Assume  that  the  gate  region  of  the  thyristor 
is  illuminated  with  light  that  is  absorbed  in  the  silicon.  Look  at 
the  cross-section  of  the  thyristor  (Figure  2.1-4).  The  absorption  of  the 
light  generates  hole-electron  pairs  in  the  bulk  of  the  device.  In  the 
p-type  base  region,  the  minority  carrier  electrons  which  do  not  recombine 
through  surface  states  diffuse  away  from  the  surface  until  they 
recombine  with  holes.  The  hole-electron  pairs  do  not  constitute  base 
drive  since  their  charges  neutralize  each  other.  If,  however,  the 
diffusion  length  of  minority  carriers  in  the  p-base  is  sufficiently 
long  (long  lifetime)  for  electrons  to  reach  a  junction  such  as  the 
collector  junction,  J^,  the  electrons  are  quickly  accelerated  out  of  the 
p-base  region  leaving  excess  holes  behind.  These  excess  holes  effectively 
raise  the  potential  in  the  p-base  region  causing  the  emitter  junction, 

J^,  to  inject  electrons  into  the  base  region.  If  the  electrons  are 
"collected"  by  the  collector  junction,  J„,  the  separation  of  a  hole- 
electron  pair  constitutes  an  excess  majority  carrier  appearing  in  the 
base  region  of  each  transistor  (see  also  Figure  2.1-1);  whereas 
"collection"  of  a  hole  by  the  emitter  junction  constitutes  an  excess 
majority  carrier  appearing  in  only  one  base  region.  Therefore,  it  is 
desirable  to  generate  as  many  carriers  as  possible  within  a  diffusion 
length  of  the  common  collector  junction,  ^  in  order  to  most  effectively 
drive  the  thyristor  with  light.  From  this  it  is  apparent  that  the 
geometry  of  the  device  and  the  absorption  characteristics  of  the  light 
are  important  factors  in  achieving  effective  light  drive  of  a  thyristor. 

2.1.3  Optical  Triggering — Fast  Turn-On. 

A  temporary  digression  is  now  in  order  to  examine  in  detail 
how  light  is  absorbed  in  silicon.  A  further  investigation  of  what  happens 
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Figure  2.1-3.  Electron  and  hole  distribution  in  the  base  regions 
of  a  thyristor  in  the  conducting  state  (upper  curves)  and  in  the 
unbiased  state  (lower  curves).  Figure  truncated  on  both  sides 
to  eliminate  the  cathode  and  anode  emitter  regions. 


when  light  is  absorbed  in  the  silicon  of  an  operating  thyristor  will 
lead  to  an  appreciation  of  how  extremely  fast  turn-on  can  be  achieved. 

The  absorption  of  light  by  a  semiconductor  is  for  our  purposes 
dependent  on  two  mechanisms.  In  the  first  and  most  important  process 
incident  photons  are  absorbed  by  ionizing  outer  shell  electrons  of  the 
lattice  atoms  in  the  semiconductor  crystal.  This  can  occur  if  the  photon 
energy  exceeds  the  bandgap  energy  of  the  semiconductor,  1.1  electron 
volts  for  silicon.  The  released  electron  and  the  vacancy  from  which 
it  came,  i.e.;  a  hole,  are  mobile  within  the  crystal  and  capable  of 
participating  in  electrical  conduction.  It  should  be  noted  that  if  the 
incident  photon  energy  exceeds  the  band  energy,  the  excess  energy  is 
converted  into  heat  so  that  only  one  electron  hole  pair  is  generated  for 
each  absorbed  photon. 

The  generated  carrier  concentration  will  increase  linearly 

with  increasing  photon  flux  until  the  photon  flux  reaches  very  high 

levels  and  free  carrier  absorption  intervenes.  For  light  intensities 

20  -3 

producing  carrier  concentrations  of  10  cm  about  10%  of  the  incident 
photons  are  absorbed  and  converted  to  heat  by  the  already  free  carriers, 
and  as  light  intensity  is  further  increased  the  carrier  concentration 
ceases  to  increase  linearly. 

When  light  is  absorbed  in  silicon,  the  number  of  excess  elec¬ 
tron  (An)  and  hole  (Ap)  pairs  generated  per  unit  time  in  a  unit  volume 
is  proportional  to  the  optical  energy  absorbed  in  that  time  in  the  unit 
volume.  If  the  light  intensity  per  unit  area  is  I,  the  amount  of  light 
energy  absorbed  per  unit  time  in  a  layer  of  thickness  dx  (x  is  the  perpen¬ 
dicular  distance  from  the  surface  of  the  silicon  in  the  direction  of  the 
light  propagation)  is  proportional  to  I  and  the  layer  thickness  dx: 

-dl  =  al  dx, 

where  a  is  a  coefficient  of  proportionality,  known  as  the  optical  absorp¬ 
tion  coefficient.  Figure  2.1-5  shows  how  the  absorption  coefficient,  a, 
varies  with  wavelength  of  the  incident  radiation. 
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Figure  2.1-5.  Absorption  coefficient,  a,  of  bulk  silicon  as 
a  function  of  the  wavelength  of  light.  Data  from  H.  Y.  Fan  and 
M.  Becker,  "Infrared  Optical  Properties  of  Silicon  and  Germanium 
pp.  132-147  in  Semiconducting  Materials.  Butterworth  Scientific 


Publications,  London,  edited  by  H.  K.  Henish  (1950) 


The  optical  energy  absorbed  per  unit  time  in  unit  volume  is 


Thus  4^  and  4r^  should  be  proportional  to  the  quantity  otl: 
dt  at 

dAn  dAp  .  T 
dt”  =  dt  =  BoI» 

where  8  is  a  coefficient  of  proportionality.  Since  I  represents  the 

number  of  quanta  per  second,  8  represents  the  "quantum  yield,"  i.e., 

* 

the  number  of  pairs  formed  by  a  single  quantum.  Therefore,  carriers 
are  generated  according  to 


However  carriers  also  recombine.  Assume  that  recombination  is  linear 

y 

and  that  the  effective  lifetime  of  minority  carriers  is  t.  Then  the 
time  dependent  carrier  concentration  becomes 


dAn 

dt 


which  has  the  solution 

An  =  x  6aI(l-e_t/T). 

If  the  light  is  significantly  absorbed  in  the  depth  of  interest 
the  dependence  of  I  on  x  must  be  considered.  The  intensity  of  light 
decreases  with  depth  according  to  the  law  I  =  Iq  e  .  The  excess 
carrier  concentration  at  any  depth  then  becomes 

An  =  x8al  e  ax(l-e  t^T). 
o 

It  is  evident  from  the  above  equation  that  if  the  light  is 
strongly  absorbed,  there  will  be  a  significant  concentration  gradient 
set  up  in  the  silicon  and  the  carriers  must  then  redistribute  themselves 


*The  quantum  yield,  8,  is  close  to  1  for  the  wavelengths  which  will 
be  of  interest. 
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with  time  through  diffusion.  It  is  not  necessary  to  solve  the  time 

dependent  equation  for  the  diffusion  of  these  carriers  to  get  some  feel 

for  the  effectiveness  of  different  wavelengths  and  intensities  of  light 

in  triggering  the  LASS  as  a  result  of  penetration  depth  and  generated 

carrier  concentration.  It  will  be  seen  that  in  the  case  of  primary 

3+ 

interest  (i.e.,  generation  by  a  short  pulse  from  a  Nd  : YAG  laser),  a 
carrier  concentration  corresponding  to  an  "on"  state  of  the  LASS  can  be 
generated  before  diffusion  effects  can  become  significant. 

Figure  2.1-6  is  a  plot  of  the  carrier  concentration  profile  as 
a  result  of  photon  absorption  in  silicon  for  three  different  wavelengths 
which  have  been  used  in  triggering  experiments.  The  total  energy  in  the 
pulse  is  the  same  for  curves  A  through  F.  The  carriers  are  "frozen"  in 
the  plots  to  show  the  number  of  carriers  generated  at  a  given  x  at  the  end  of 
the  light  pulse.  Surface  recombination  is  of  little  consequence  and 
has  been  ignored  because  the  surface  region  is  greater  than  a  diffusion 
length  from  the  collector  junction.  Collection  by  the  emitter  junction 
is  not  negligible  in  the  LASS  design  where  light  passes  through  the  emitter 
junction  into  the  p-base  region.  However,  if  the  p-base  region  is  brought 
to  the  surface  and  collection  by  the  emitter  junction  is  now  a  result 
of  lateral  diffusion  only,  the  effective  gate  drive  becomes  negligible 
because  the  emitter  junction  is  greater  than  a  diffusion  length  (Ln>  from 
the  region  of  light  absorption  (see  Figure  2.1-4).  Therefore  only  carriers 
generated  within  a  diffusion  length  of  the  collector  junction  are  effective 
light  drive  for  the  thyristor. 

In  Figure  2.1-6  the  diffusion  length  is  indicated  on  the  p-base 

side  of  the  metallurgical  junction.  The  space  charge  region  (i.e., 

effective  junction  location)  depends  on  the  bias  on  the  junction  and 

is  shown  approximately  for  a  10  volt  bias  on  the  common  collector . 

The  lifetime  in  the  n-base  (i.e.,  T  )  is  assumed  to  be  20  microseconds 

P 

Diffusion  lengths  in  the  p-base  are  shown  for  _  1  microsecond  and 

T  0.3  microseconds.  The  lifetime  in  the  n-base  (i.e.,  x  )  is 
n  ~  P 

assumed  to  be  20  microseconds  for  computation  of  the  curves;  therefore, 

the  n-base  is  approximately  equal  to  L^. 
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Figure  2.1-6.  Optical  carrier  generation  profile  in  a  typical 
thyristor  blocking  10  volts  forward  bias  for  different  radiation 
wavelengths  and  times. 


The  slope  of  the  curves  is  determined  by  the  absorption 
coefficient  a,  so  that  as  the  wavelength  is  decreased  (i.e.,  higher 
energy  photons)  more  of  the  energy  is  absorbed  and  more  carriers  are 
generated  near  the  surface  (Refer  to  Figure  2.1-5).  These  carriers  are 
effective  if  they  are  within  a  diffusion  length  of  a  junction;  however, 
surface  recombination  now  becomes  important  and  a  significant  number  of 
generated  carriers  may  be  lost  through  surface  recombination  and  the 
light  becomes  less  effective  as  a  trigger.  In  addition,  the  transit 
time  of  more  of  the  generated  carriers  in  the  p-base  is  increased  as 
the  point  of  generation  approaches  the  surface;  consequently,  the  turn¬ 
on  delay  time  is  increased.  Conversely,  as  the  radiation  wavelength  is 
increased  the  carriers  are  generated  more  uniformly  in  the  silicon 
(decreased  slope);  however,  the  absorption  coefficient  a  is  also 
decreased  so  that  the  absolute  level  of  carrier  generation  is  decreased 
and  the  light  again  becomes  less  effective  for  triggering.  For  wave¬ 
lengths  longer  than  the  band  edge  of  silicon  (about  1.150  pm),  the 
silicon  is  transparent  and  no  carriers  are  generated. 

The  plot  of  Figure  2.1-6  clearly  shows  that  if  Tn  (lifetime  in 
p-base)  <  0.3  ysec,  then  0.94  ym  radiation  is  more  efficient  as  a 
trigger  source  than  0.90  ym  since  within  a  diffusion  length  of  the  collec¬ 
tor  junction  the  generated  concentration  is  always  greater  for  0.94  ym 
than  for  0.90  ym  radiation.  It  is  also  apparent  from  the  curves  that 
the  0.94  ym  radiation  appears  to  be  more  effective  than  the  1.06  ym 
radiation  at  low  power  levels.  The  carrier  concentration  is  significantly 
greater  in  the  p-base  region  and  remains  greater  to  a  depth  of  125  microns 
for  the  0.94  ym  radiation  compared  to  the  1.06  ym  radiation. 

Curve  G  shows  a  different  type  of  phenomena  occurring.  In 

this  case  the  pulse  duration  and  power  level  are  comparable  to  that  of 
3+ 

a  Q-switched  Nd  :YAG  laser.  The  carrier  concentration  clear  across 
the  device  is  now  of  the  order  of  the  "on"  state  equilibrium  concentration 
in  the  device  10  nanoseconds  after  initiation  of  the  pulse.  In  other 
words,  the  device  is  "on"  in  the  radiated  area.  One  can  now  clearly 
see  why  the  turn-on  performance  of  the  device  is  superior  with  this  type 
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of  optical  gating.  The  device  is  no  longer  being  triggered  on;  it  is 
being  conductivity  modulated  on  by  optical  generation.  Note  also 
that  the  concentration  level  is  a  smooth  curve  from  the  p-base  to  the 
n-base  since  the  generation  level  is  independent  of  lifetime  for 
times  short  compared  to  the  lifetime.  Curve  G  is  the  type  of  optical 
gating  with  which  this  contract  work  was  primarily  concerned. 

2.1.4  Plasma  Spreading. 

As  mentioned  in  Section  2.1.1,  a  small  region  near  the  edge 
of  the  cathode  is  carrying  all  of  the  anode  current  early  in  the 
turn-on  process.  Although  the  thyristor  has  a  low  impedance  under  these 
conditions,  the  current  density  can  be  very  high  unless  the  current 
is  limited  by  external  circuit  components.  Excessive  current  density 
leads  to  severe  local  heating  and  eventual  destruction  of  the  device 
(the  silicon  literally  melts).  There  are  three  mechanisms  that  can 
alleviate  this  situation: 

1.  If  the  current  pulse  is  short  enough,  the  temperature 
rise  caused  by  the  heat  generation  will  not  be  large 
enough  to  damage  the  silicon  or  degrade  the  perfor¬ 
mance  characteristics. 

2.  The  plasma  of  electrons  and  holes  spreads  laterally  into 
the  nonconducting  regions  of  the  device,  turning  them  on 
and  effectively  reducing  the  current  density  and  thus 
the  race  of  heat  generation. 

3.  There  is  a  small  but  finite  area  under  the  metal  which  is 
also  turned  on  by  optical  scatter;  its  width  was  estimated 
to  be  about  equal  to  the  device  thickness.  The  experi¬ 
mental  work  reported  in  Section  3. 5. 3. 1.1  shows  that  the 
scattering  is  much  less  than  this  value.  This. affects  the 
numerical  results  but  not  the  approach.  The  initial 
conduction  area  is  therefore  this  scatter  lighted  width 
multiplied  by  the  total  perimeter  of  the  window. 

A  large  portion  of  the  experimental  effort  in  this  program 
was  to  determine  the  rate  at  which  the  conducting  plasma  spread  under 
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the  high  dl/dt  and  peak  current  densities  encountered.  It  was  previously 

known  from  the  work  of  Yamasaki  and  others  that  the  velocity  of  the 

plasma  front  (spreading  velocity)  is  a  weak  function  of  the  current 

(2) 

density.  It  was  also  known  that  the  spreading  velocity  is  essentially 

independent  of  the  temperature.  This  information  was  incorporated 
into  the  physical  model  with  provisions  to  modify  the  spreading  velocity 
as  future  data  might  indicate. 

The  apparatus,  technique,  and  experimental  results  of  the 
spreading  velocity  measurements  are  described  in  detail  in  Sections 
3.3  and  3.5. 

2.2  Analytical  and  Computer  Model. 

The  experimental  determination  of  how  a  given  semiconductor 
device  will  respond  to  variations  in  design  (including  geometry, 
impurity  concentration  profile,  and  packaging)  and  operation  (including 
gating  stimulus  and  numerous  circuit  controlled  variations  in  voltage 
and  current  and  rates  of  change  of  voltage  and  current)  is  a  very  long 
and  costly  procedure.  Because  of  the  large  number  of  parameters 
involved  in  a  thyristor,  huge  quantities  of  test  units  must  be  fabricated 
and  evaluated  under  carefully  controlled  conditions.  When  it  is 
desired  to  provide  sufficient  units  to  allow  for  failures  and  for 
adequate  data  at  each  step  to  provide  statistical  significance,  the 
number  of  thyristors  involved  with  all  of  their  parameters  that  must  be 
recorded  becomes  unwieldy.  This  is  the  situation  that  faced  the  LASS 
investigators.  Fortunately,  a  considerable  body  of  theory  has  been 
developed  in  the  literature,  and  portions  of  this  theory  are  applicable 
to  portions  of  the  LASS  problem.  It  was  therefore  a  contract  task  that 
a  computer  model  be  developed  so  that  a  theoretical  parametric  study 
could  be  carried  out  to  predict  the  performance  of  the  LASS  over  a  range 
of  operating  conditions.  An  experimental  verification  program  would 
then  be  used  to  confirm  the  predictions  of  the  theoretical  study  or  to 
provide  information  for  corrective  action  in  the  computer  model. 

It  was  expected  that  the  computer  model  would  accept  input 
data  concerning  the  initial  conditions,  the  geometry  and  design  of  the 


i 
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device,  the  blocking  voltage  and  the  current  pulse  width  and  magnitude, 
the  rate  of  current  rise  and  fall,  and  the  length  of  time  between 
pulses.  The  model  would  provide  the  spatial  and  temporal  distributions 
of  current  density  and  temperature  and  the  forward  voltage  drop  as  a 
function  of  time  and  current.  These  expectations  have  been  met  as 
illustrated  in  the  two  papers  by  Davis  and  by  Davis  and  Roberts  in 
Appendix  V. 

It  was  realized  early  that  there  were  three  major  tasks  to 
accomplish  the  development  of  a  meaningful  computer  model.  Two  of 
these,  the  model  development  itself  and  thermal  analysis,  properly 
are  portions  of  the  analytical  work  and  are  discussed  in  the  next  two 
sections  of  this  report.  The  third,  the  determination  of  the  plasma 
spreading  velocity  under  conditions  of  very  high  current  densities,  is 
covered  in  Sections  3.3  and  3.5  under  the  major  section  on  Experimental 
Verification. 

2.2.1.  Development  of  Optically  Activated  Thyristor  Turn-on  Model, 

The  computer  model  of  the  light  fired  thyristor  assumes  a 

light  source  such  as  a  high  peak  power  Q-switched  neodymium :TAG  laser. 

Such  a  light  pulse  generates  excess  carrier  concentrations  throughout 

the  illuminated  base  regions  of  the  device  which  are  of  the  same  order 
17  19  3 

of  magnitude  (10  -10  per  cm  )  as  those  which  occur  in  the  device  in 

the  normal  on-state.  (Refer  to  Figure  2.1-3).  The  time  required  for 
these  carriers  to  be  generated  is  a  combination  of  the  transit  time  of 
the  light  through  the  device  1  picosecond)  and  the  duration  of  the 
light  pulse  ('v  10  nanoseconds  in  cases  examined  thus  far).  A  thyristor 
turned  on  in  a  conventional  manner  such  as  electrical  gate  drive  or 
"light  triggering"  (as  opposed  to  "light  firing"  which  is  under  discussion 
here)  takes  the  order  of  a  microsecond  because  it  depends  on  comparatively 
slow  drift  and  diffusion  mechanisms  to  establish  a  conduction  plasma 

3 

in  the  device.  Therefore  the  voltage  collapse  across  a  Q-switched  Nd  :YAG 
laser  fired  device  is  orders  of  magnitude  faster  than  that  of  a  conven¬ 
tionally  triggered  device  and  can,  consequently,  sustain  a  much  higher 
time  rate  of  change  of  current  (dl/dt)  through  the  device.  For  this 
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reason,  this  technique  of  light  activation  of  the  solid  state  switch  is 

of  great  interest  in  any  power  circuit  with  high  dl/dt  requirements. 

A  preliminary  computer  program  was  stepwise  constructed  that 

utilized  an  arbitrary  number  of  circular  spots  as  the  illuminated 

geometry.  It  was  known  that  a  large  initial  periphery  is  desired  in 

order  to  maximize  the  initial  conduction  area.  The  functions  of  this 

model  were  to  point  out  trends  which  would  be  the  guide  to  other 

geometries  with  superior  properties,  and  to  provide  the  basis  for 

developing  a  more  sophisticated  and  realistic  model. 

The  preliminary  model  assumes  that  at  time  zero  the  thyristor 

starts  on  with  the  on  area  equal  to  the  illuminated  area.  The  load 

current  is  constant  at  I  .  The  conduction  area  is  a  function  of  the 

o 

original  area,  Aq,  and  plasma  spreading  velocity  vg.  It  is  known  that 
the  plasma  spreading  velocity  is  a  function  of  the  current  density  J: 

v  (J)  =  bJC. 
s 

For  a  quantity  Nq  of  circular  apertures  of  radius  Rq 

ttN  J (R  +  bJCt)2  -1=0. 

0  0  o 

The  program  solves  this  equation  for  J(t)  and  then  determines  r(t). 

Data  from  diodes  and  thyristors  on  forward  voltage  drop  were 

2 

available  for  current  densities  up  to  about  1500  A/ cm  .  This  was  used 
to  extrapolate  to  high  current  densities  according  to  the  relationship 

V  *  A  +  BJ. 

The  product  of  the  instantaneous  values  of  V(J,t)  and  J(t)  provides  a 
determination  of  the  incremental  power  density  P(t).  By  summing  the 
incremental  power  dissipations  and  absorbing  the  heat  totally  within 
the  silicon  in  the  conducting  region  (adiabatic  case),  one  can  calculate 
the  temperature  T  at  the  end  of  the  pulse  as  a  function  of  the  radius  Rq. 

The  output  data  from  this  program  was  supplied  to  the  thermal 
analysis  as  input  data  for  initial  evaluation  of  the  thermal  analysis 
program. 

The  efforts  to  achieve  a  more  realistic  model  were  based  on 
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the  approach  of  the  preliminary  model,  but  with  attention  to  several 
important  details  that  were  ignored  in  that  model.  To  aid  the  devel¬ 
opment  of  the  new  model,  the  over-all  model  was  broken  into  five  major 
subsections  which  could  be  worked  on  independently.  These  were 
identified  as: 

(1)  EFFWO  Mathematical  model  of  the  effective  conduction  width 

of  the  laser  illuminated,  unmetalized  area  of  the 
thyristor  structure.  Provision  is  also  made  for  the 
area  under  the  metal  adjacent  to  the  window  which  is 
illuminated  by  scattered  light.  This  computation 
provides  the  t  =  o+  boundary  condition  for  conduction 
area  and  current  density  for  the  spreading-turn-on 
calculations.  This  calculates  the  current  density 
J(x)  at  t  =  0.*  The  light  pulse  is  considered  to  be 
a  delta  function  which  generates  a  plasma  in  the 
device.  The  carriers  redistribute  spatially  in  a 
dielectric  relaxation  time  in  a  manner  depending  on 
the  lateral  resistance  of  the  illuminated  area  near 
the  surface  and  the  electrical  contact.  This  redis¬ 
tribution  is  integrated  in  EFFWO  and  then  divided  by 
the  peak  current  to  give  an  effective  "on"  width  and 
current  density  for  use  as  the  initial  condition  in 
the  SPREAD  program. 

(2)  HIJVC  Model  of  the  voltage-current  characteristic  versus 

temperature  under  very  high  current  density  conditions 

where  Auger  recombination  dominates.  Model  is  based 

on  literature  and  experimental  data  taken  in  this 

laboratory.  This  model  was  subsequently  expanded  to 

include  carrier-carrier  scattering  and  the  temperature 

dependence  of  lifetimes  and  mobilities.  Short  pulse 

2 

V-J  characteristics  with  J  up  to  1,000  A/ cm  show 
that  Auger  recombination  process  is  dominant  at  high 
values  of  J. 
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(3)  SPREAD  Model  for  calculating  current  and  voltage  versus  time 

for  the  LASS  device  which  includes  the  effect  of 
conduction  area  spreading  as  a  function  of  instantaneous 
current  density.  Model  is  based  on  extrapolation  of 
infrared  study  of  turn-on  plasma  spreading  in  this 
laboratory.  This  program  was  revised  from  the  circular 
type  of  conduction  of  the  preliminary  model  to  a 
perimeter  type  of  conduction  to  improve  the  initial  "on" 
region  available  for  spreading. 

(4)  TMPRO  This  calculation  determines  the  distribution  of  energy 

dissipation  and  temperature  distribution  spatially 
across  the  device  as  a  function  of  time  during  the 
conduction  pulse. 

(5)  CURDIS  A  calculation  of  the  spatial  distribution  of  current 

as  a  function  of  time.  The  results  obtained  with  the 
previous  four  model  elements  imply  that  the  temperature 
across  the  device  will  be  highly  non-uniform  and 
since  the  voltage-current  characteristic  is  temperature 
dependent  it  follows  that  the  current  distribution  at 
any  given  instant  will  be  non-uniform.  A  self- 
consistant  iterative  algorithm  was  devised  which 
determines  this  current  distribution  for  each  point 
on  the  time  grid.  Inputs  for  this  calculation  are  the 
time  dependent  terminal  current,  the  conduction  area 
as  determined  by  SPREAD  and  EFFWO,  and  the  temperature 
distribution  obtained  for  the  previous  time  interval. 

The  iterative  loop  includes  HIJVC  and  TEMPRO;  and 
thereby  obtains,  in  addition  to  the  current  distribution, 
the  terminal  voltage  and  the  new  temperature  distribution. 
Provisions  were  made  to  modify  the  above  programs  as  experimental  data 
became  available  for  turn-on  and  for  plasma  spreading.  These  five 
programs  were  developed  more  or  less  independently  (although  slmultan- 
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eously  by  the  same  worker)  on  an  interactive  time-share  computer.  Inputs 
from  the  thermal  analysis  work  (Section  2.2.2)  were  incorporated  as 
appropriate,  especially  in  the  TMPRO  program.  The  five  programs  were 
assembled  into  one  program  that  required  the  input  data  and  provided 
the  output  data  listed  in  Table  2.2-1.  The  data  obtained  from  this  analysis 
provided  excellent  insight  into  device  and  optical  system  design 
requirements.  One  of  the  most  significant  was  the  prediction  that 
rectangular  illumination  ports  would  be  superior  to  circular  ports. 

Some  input  parameters  cannot  be  derived  from  first  principles 
and  must  be  correlated  to  empirical  data.  This  is  particularly  true  of 
the  spreading  velocity,  the  voltage-current  density  relationship,  and 
various  temperature  dependent  parameters.  The  spreading  velocity  and 
the  voltage-current  measurements  constituted  the  major  portion  of  the 
experimental  work  on  this  contract  and  are  reported  in  Section  3. 

The  working  program  was  translated  from  the  small,  time-share 

computer  system  to  the  UNIVAC  computer  system  using  FORTRAN  compatible 

with  CDC6600  Scope  3.4  OS  as  required  by  the  contract.  At  this  time  an 

improved  terminal  voltage-current  density  (V-J)  relationship  was 

incorporated.  The  initial  V-J  data  was  from  small  diodes  and  thyristors 

with  current  densities  up  to  about  1500  amperes  per  square  centimeter. 

These  data  were  fit  to  a  two  segment  curve  of  the  form  V  =  A  +  BJ.  New 
2 

data  to  10,000  A/cm  were  added,  and  the  relationship  was  restructured 
with  three  segments  of  the  same  form.  Examples  of  the  output  data  are 
given  in  the  two  papers  by  Davis  and  by  Davis  and  Roberts  in  Appendix  V. 
These  papers  also  discuss  the  model  development  and  usage  in  some  detail. 

Although  the  program  is  working  well,  there  are  some  improvements 
that  should  be  made.  First,  although  provisions  were  incorporated  in 
the  programing  to  permit  the  thermal  analysis  of  the  device  over  a 
train  of  current  pulses,  their  operation  has  not  been  confirmed  on  the 
UNIVAC  because  insufficient  funds  and  time  remained  on  the  contract. 
Therefore,  the  program  presently  calculates  the  effect  of  one  current 
pulse  on  the  device.  Second,  under  some  conditions  the  FORTRAN  program 
does  not  converge.  This  can  be  solved  by  dividing  the  current  pulse 
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TABLE  2.2-1  THYRISTOR  MODEL  INPUT  AND  OUTPUT  DATA. 


Inputs 


1.  I(t)  -  The  time  dependent  current  waveform  of  the  circuit 

2.  T(x)  -  The  initial  temperature  distribution  across  the 

device 

3.  Geometric  parameters  of  the  device 

4.  Material  parameters  of  the  device 

5.  vg  spreading  velocity 

Outputs 


1.  T(t,x) 

2.  J(t,x) 

3.  I(t) 

4.  V(t) 

5.  A(t) 


Temperature  as  a  function  of  time  and  location 
Current  density  as  a  function  of  time  and  location 
Current  as  a  function  of  time 
Terminal  voltage  as  a  function  of  time 
Conducting  area  as  a  function  of  time 
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into  72  or  more  time  increments,  but  this  seems  excessive.  The  conditions 
under  which  this  occurs  and  how  to  correct  them  are  described  in 
the  program  documentation  delivered  with  the  program  to  the  USAF.  This 
shortcoming  is  more  of  a  nuisance  than  a  major  fault.  Third,  the 
experimental  V-I  data  for  large  devices  with  a  multiplicity  of  windows 
did  not  track  the  calculated  V-I  curve.  The  measured  values  of  V  were 
higher  than  the  calculated  ones.  The  model  assumes  that  the  electron-hole 
plasma  can  spread  laterally  without  limit.  In  the  large  device,  the 
windows  are  slots  with  a  radial  pattern  (Figure  2.2-1)  and  the  spreading 
plasma  fronts  meet  early  in  the  pulse  near  the  center  of  the  device. 

Once  they  start  to  overlap,  the  actual  conducting  area  is  less  than  the 
calculated  area,  the  actual  current  density  is  therefore  higher  than  that 
calculated,  and  the  actual  terminal  voltage  will  be  higher  than  that  pre¬ 
dicted  by  the  model.  When  this  was  discovered,  there  were  insufficient 
funds  remaining  on  the  contract  to  add  the  additional  task  of  providing 
means  to  modify  the  area  calculation  based  on  device  geometry.  This 
is  an  important  point  whenever  the  illumination  windows  are  to  be  located 
close  enough  together  that  portions  of  the  plasma  fronts  will  overlap 
during  the  current  pulse.  Fourth,  the  heat  flow  calculations  are  based 
on  one  dimensional  flow  along  the  axis  of  the  device.  Certainly  for 
long  pulses  or  trains  of  pulses  the  lateral  heat  flow  will  be  important. 
The  model  should  be  modified  in  any  extended  work  to  consider  lateral 
heat  flow.  Fifth,  it  would  be  very  desirable  to  perform  some  thermal 
measurements  to  confirm  the  accuracy  of  the  calculated  temperatures. 

This  would  be  a  difficult  experimental  task,  but  it  seems  essential  if 
further  work  is  to  be  done  in  the  application  of  the  LASS. 

2.2.2  Thermal  Analysis  • 

When  this  program  started,  there  was  conjecture,  but  no 
supporting  data  in  the  literature,  that  the  thermal  conditions  in  the 
silicon  slice  during  a  40  microsecond  pulse  were  adiabatic.  The 
dynamics  of  the  heat  generation  and  flow  during  and  after  the  conducting 
pulse  were  central  to  the  theoretical  model  desired  for  the  LASS. 
Therefore,  a  substantial  effort  was  mounted  to  determine  these  dynamics. 
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Initially,  attempts  were  made  to  apply  well-established 


techniques  for  the  computation  of  transient  heat  flow.  One  of  these, 
for  which  considerable  experience  was  available,  was  the  use  of  the 
ECAP  computer  program.  This  Electrical  Circuit  Analysis  Program, 
designed  by  IBM  for  users  of  their  computers,  permits  the  solution  of 
transient  problems  for  electrical  networks.  By  merely  making  an  elec¬ 
trical  analog  of  the  thermal  network,  one  can  readily  solve  thermal 
problems.  In  principle,  this  technique  works  well;  but,  as  was  also 
found  for  other  established  approaches,  there  were  serious,  unacceptable 
limitations  when  these  approaches  were  tried  with  the  LASS.  This  is 
because  all  of  the  investigated  approaches  had  been  developed  for  much 
larger  time  frames  (millisecond  to  hours  compared  to  the  present  Interest 
of  microseconds)  and/or  much  larger  physical  sizes.  As  a  result,  when 
these  techniques  were  applied  to  the  LASS  problem,  one  of  two  conditions 
occurred:  (a)  the  spatial  and/or  temporal  intervals  had  to  be  so  large 

as  to  mask  any  unexpected  variations  (thus  making  the  adiabatic 
assumption  come  true  as  a  matter  of  default) ,  or  (b)  the  problem  had  to 
be  broken  into  such  small  fragments  in  order  to  examine  it  in  the 
necessary  detail  that  one  could  not  readily  interpret  the  overall  results. 

Analysis  showed  that,  since  the  thickness  of  the  silicon  slice 
is  very  small  compared  to  its  other  dimensions  (0.05  cm  vs.  *v»  5  cm),  an 
infinite  slab  approximation  should  provide  insight  into  the  characteristics 
of  the  heat  flow  in  the  silicon.  This  approximation  should  also  be 
reasonable  for  the  contacting  plates  of  molybdenum  or  tungsten,  but 
less  so  for  subsequent,  and  presumable  thicker,  materials  such  as 
copper  which  form  the  final  heat  conducting  path  to  the  ultimate  coolant. 
Since  the  primary  concern  was  what  happened  in  the  silicon,  the  possible 
loss  of  validity  in  the  copper  was  acceptable.  The  heat  flow  in  the 
copper  could  probably  be  treated  on  an  average  power  basis.  Accordingly, 
the  problem  was  reduced  to  a  complicated  version  of  a  standard  textbook 
problem  in  transient  heat  flow.  The  initial  model  was  a  semi-infinite 
silicon  slab;  i.e.,  a  sheet  of  silicon  of  finite  thickness  with  one 
dimensional  heat  flow  perpendicular  to  the  plane  of  the  sheet.  Figure  2.2-2 
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Temperature  Rise  Above  Sink  in  °C 


Curve  691 299 -A 


With  Air  Interface  Between 


1  10  100  1000  10000  100000 


Time  in  Microseconds  After  End  of  Heat  Pulse 


Figure  2.2-2.  Calculated  change  in  temperature  at  the  center  of 
a  silicon  slab  after  a  40ysec.  heat  pulse.  Infinite  slab  model. 
Thickness  of  silicon=0.05cm.  Thermal  conductivity  of  silicon- 
1.25W/cm°C.  Thermal  diffusivity  of  silicon-0. 681cm  /sec.  Initial 
temperature  above  ambient  at  end  of  40ysec.  pulse=25°C. 
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is  a  plot  of  the  decrease  in  temperature  with  time  after  a  delta  function 
of  heat  input  raised  the  temperature  25  °C.  The  value  of  25°  was 
estimated  as  a  reasonable  one  from  the  preliminary  turn-on  model.  This 
curve  shows  how  the  temperature  decreases  with  time  for  a  wide  range  of 
values  for  thermal  interface  conductance.  Note  that  there  is  no  percep¬ 
tible  decrease  in  temperature  until  100  microseconds.  This  confirmed 
the  soundness  of  the  assumption  of  adiabaticity  for  pulse  lengths  of 
40  microseconds  or  less.  The  listing  of  the  computer  program  to  calculate 
the  data  display  in  Figure  2.2-2  is  contained  in  Appendix  1-1. 

The  physical  model  was  then  expanded  to  permit  the  selection 
of  up  to  five  different  materials  in  series  as  shown  in  Figure  2.2-3. 

Each  material  extended  infinitely  in  the  plane  perpendicular  to  the  paper, 
and  heat  flow  was  from  left  to  right.  The  rate  and  timing  of  the  heat 
•  •  input  at-  the  leftmost  edge  can  be  specified,  as  can  all  of  the  pertinent.  . 
material  constants  (e.g.,  thermal  conductivity,  heat  capacity,  thermal 
diffusivity,  etc,)  of  each  layer  of  material  and  the  heat  transfer 
coefficients  of  each  boundary.  In  addition,  this  model  also  contained 
provisions  for  multiple  pulses  to  provide  an  indication  of  the  time  to 
reach  equilibration.  A  listing  of  this  program  plus  the  calculated 
temperatures  for  1250  pulses  for  a  specific  set  of  conditions  is 
contained  in  Appendix  1-2.  Note  that  equilibration  is  achieved  in  the 
last  two  cycles  to  the  accuracy  of  the  print-out.  Actually,  only  2  or  3 
figures  are  significant,  and  on  this  basis  equilibration  is  attained 
after  1800  psec,  or  450  pulses.  In  spite  of  the  many  obvious  simplifi¬ 
cations,  this  scheme  accomplished  the  desired  objective  of  providing  a 
feeling  for  the  magnitude  and  location  of  the  problem  areas  as  was 
confirmed  later  by  the  following  more  sophisticated  approach. 

With  the  improved  understanding  of  the  problem  obtained  from 
the  above  described  infinite-slab,  multimaterial  investigation,  it  was 
practical  to  increase  the  level  of  sophistication  of  the  investigation. 

A  finite  element  computer  program,  identified  proprietarily  as  WECAN, 
was  employed  to  make  a  detailed  analysis  of  the  problem.  This  type  of 
program  is  capable  of  handling  real  thermal  transient  problems  in 
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Figure  2.2-3.  Conceptual  view  of  physical  model  for  infinite 
slab  transient  heat  flow  calculation. 


three  dimensions.  Several  steps  were  required  to  increase  the 
complexity  of  the  problem  to  eliminate  oversimplifying  assumptions  and 
to  obtain  even  a  simple  finite  element  mesh.  For  a  centrally  located 
circular  aperture  in  a  disc  shaped  active  element  there  is  cylindrical 
symmetry,  and  the  three  dimensional  heat  flow  problem  can  be  reduced  to 
a  two  dimensional  one  by  treating  each  element  as  a  ring  concentric 
with  the  axis  of  the  cylinder.  In  this  manner,  one  need  prepare  a 
detailed  mesh  for  only  one  half  of  the  cross  section  of  the  device,  and 
this  is  shown  in  Figure  2.2-4.  The  program  used  with  the  mesh  shown  in 
this  figure  provides  for  heat  inputs,  by  quantity  and  time,  to  each 
of  the  selected  finite  elements  located  along  the  ordinate  or  vertical 
axis,  and  for  two  dimensional  heat  flow  along  the  mesh  lines  as  shown. 

In  this  example,  heat  does  not  flow  to  the  left;  cooling  occurs  on  only 
one  side  of  the  silicon  slice.  An  improved  mesh  to  permit  heat  flow 
out  of  both  surfaces  of  the  silicon  slice  is  shown  in  Figure  2.2-5.  This 
mesh  is  still  unrealistic  in  that  there  is  no  provision  for  the  entrance 
of  the  light.  The  mesh  shown  in  Figure  2.2-6  provides  for  the  entrance 
of  the  light  signal,  double  side  cooling,  and  up  to  three  different 
materials  such  as  silicon  slice,  molybdenum  support,  and  copper  sink. 

The  mesh  assumes  material  symmetry  about  the  ordinate  axis,  but  this 
could  be  changed  in  the  input  data.  Figure  2.2-7  shows  the  temperature 
plot  using  the  mesh  of  Figure  2.2-6  for  the  first  20  pulses  of  a  train 
assuming  heat  generation  as  given  in  Table  2.2-2  (which  was  obtained  from 
the  preliminary  version  of  the  LASS  computer  model) .  Note  that  the 
peak  temperature  has  reached  126°C  and  that  it  has  not  stabilized.  A 
plot  of  the  isothermal  lines  at  the  end  of  the  twentieth  pulse  is  shown 
in  Figure  2.2-8  along  with  tabulated  temperature  values  of  each  corres¬ 
ponding  line.  Note  how  little  the  temperature  has  risen  over  a  short 
distance  away  from  the  illuminated  area. 

Because  the  maximum  temperature  at  which  a  thyristor  will 
reliably  block  rated  voltage  is  about  125°C,  it  is  clear  that  the 
temperature  and  therefore  the  current  density  is  unacceptably  high  in 
the  illustrated  case.  The  results  of  a  rerun  with  the  heat  input  at 
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Figure  2.2-5.  Node-element  mesh  arrangement  for  2-sided  finite 
element  computer  analysis.  Circular  symmetry  is  assumed. 
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Figure  2.2-6.  Node-element  mesh  with  elements  1  through.  45 
removed  to  account  for  path  of  laser  beam.  Left  edge  of  slice 
is  ?ero  reference. 
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Figure  2.2-7.  Temperature  variation  of  the  interface  between 
elements  1  and  97  (surface  of  silicon  slice)  for  double-sided 
device.  Zero  temperature  is  starting  temperature  of  the 
silicon. 
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Figure  2.2-8.  Isothermal  plot  at  end  of  20th  cycle.  Note  90 
rotation  in  orientation  from  that  of  Figure  2.2-6. 


one-fifth  of  the  previous  levels  are  shown  in  Figure  2.2-9.  Although 
the  temperature  still  has  not  equilibrated,  the  peak  values  are  one-fifth 
of  those  of  the  previous  case,  showing  that  the  temperature  rise  does 
scale  linearly  with  the  heat  intensity. 

It  must  be  recognized  that  the  purpose  of  the  finite  element 
study  is  to  determine  whether  any  unexpected  non-linearities  arise  in 
the  thermal  performance  of  the  device,  and  to  provide  relationships 
between  heat  flow  rates  and  structural  materials  and  configuration. 

The  finite  element  approach  is  too  expensive  in  input  data  preparation 
time,  computer  operating  cost,  and  volume  of  output  and  consequent 
analysis  time  to  be  seriously  considered  as  a  routine  tool  for  the 
parametric  analysis.  Rather  it  provides  the  insight  to  develop  a  simpler, 
less  expensive,  computer  model  similar  to  the  one  described  earlier 
as  TMPRO  that  will  still  provide  meaningful  results.  This  simpler  model, 
in  turn,  has  been  incorporated  into  the  overall  turn-on  model  for  the  LASS. 

The  results  achieved  at  this  stage,  even  with  rather  crude 
input  information,  confirmed  that  heat  removal  will  be  a  major  problem 
for  use  of  the  LASS  for  sustained  time  periods.  However,  it  is  also 
clear  that  rather  conventional  cooling  approaches  will  be  satisfactory 
for  short  bursts  at  very  low  duty  cycles  by  allowing  the  thermal  mass 
of  the  silicon  and  its  immediate  neighbor  to  absorb  the  heat  generated 
during  the  burst. 

2.3  Other  Analytical  Information. 

A  few  additional  small  analyses  were  performed  to  answer 
specific  questions  or  because  they  seemed  of  interest.  These  are 
documented  below. 

2.3.1  Air  Breakdown  by  Laser  Beam. 

The  possibility  of  air  breakdown  from  the  intense  electro¬ 
magnetic  fields  in  the  laser  beam  was  investigated.  According  to 

Lencioni  the  measured  breakdown  in  air  at  1.06  pm  for  100  nsec  pulse 

10  2  -12 

lengths  has  a  threshold  of  2  X  10  w/cm  for  large  (>  10  cm  )  spot 
(3) 

sizes.  The  threshold  is  considerably  larger  at  smaller  spot  sizes 
as  given  in  the  right  hand  column  of  Table  2.3-1. 


42 


Temperature  Variation  in  Degrees,  Kelvin 
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Figure  2.2-9.  Temperature  excursion  of  silicon  element  for 
10  pulses  with  only  1/5  the  input  heat  of  Figures  2.2-7  and 
2.2-8. 
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The  laser  obtained  for  this  contract  produces  100  mJ,  20  nsec 
pulses  with  a  peak  power  of  5  X  10°  watts.  Then  for  a  beam  size  of: 


TABLE  2.3-1.  AIR  BREAKDOWN  BY  LASER  BEAM- 


Laser  Output 

2 

Breakdown 

Beam  Size 

w/cm 

Threshold  w/cm' 

in-2  2 

10  cm 

5  X  10® 

^  4  X  1011 

in*"1  2 

10  cm 

5  X  107 

^  2  X  1011 

,  2 

1  cm 

5  X  106 

'u  2  X  1010 

Therefore  the  safety  factor  is  of  the  order  of  1000  for  electromagnetic 
breakdown  of  the  air  in  the  path  of  the  laser  beam  for  the  purpose  of 
this  contract. 

2.3.2  Minimum  Light  Needed  to  Turn-on  Thyristor. 

There  are  several  approaches  to  estimating  the  minimum  light 
energy  required  to  turn-on  a  thyristor.  The  approach  that  seems  to  be 
the  most  practical  is  discussed  here. 

17  3 

From  Figure  2.1-3,  a  carrier  density  of  10  per  cm  is 

required  at  the  surface  of  silicon  Assuming  a  quantum  efficiency  of  1 

(very  nearly  true  for  the  wavelength  under  consideration) ,  photons 

17  3 

must  enter  the  silicon  at  a  rate  of  10  /cm  .  The  total  energy,  E,  is 

E  =  ne 

where  n  is  the  total  number  of  photons  (10^7)  and  e  is  the  energy  of 
each  photon.  But 

e  »  hc/A 

where  A  is  the  wavelength  of  the  light  (1.06  X  10  8  m) ,  h  is  Planck's 

-34  8 

constant  (6.6  X  10  J-sec) ,  and  c  is  the  velocity  of  light  (3  X  10 

m/sec).  Then 

E  =  nhc/A 

3 

and  substituting  the  above  values  gives  E  =  19  mJ/cm  .  This  much  energy 
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must  be  absorbed  by  the  silicon  in  the  manner  shown  in  Figure  2.1-3. 

To  allow  for  non-preferential  absorption  characteristics,  reflection  at 

the  surface,  and  transmission  losses,  the  light  delivered  from  the  laser 

3 

should  be  at  least  an  order  of  magnitude  greater,  say  200  mJ/cm  of 
silicon  activated. 

For  the  20,000  A,  2000  volt  device  of  this  contract  one  can 

estimate  the  light  needed.  To  obtain  a  reasonable  voltage  drop,  say 

about  20  volts  at  the  10  psec  point  in  the  pulse  (from  Appendix  V-2), 

approximately  one  square  cm  of  silicon  must  be  illuminated.  The  silicon 

3 

is  0.05  cm  thick;  therefore,  0.05  cm  of  silicon  must  be  illuminated 
at  the  desired  level.  This  would  indicate  that  a  minimum  of  10  mJ  is 
required  from  the  laser.  As  will  be  seen  in  Section  3.5,  this  is  within 
a  factor  of  perhaps  2  of  the  experimental  results. 
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3.0  EXPERIMENTAL  VERIFICATION 

3.1  Introduction. 

One  of  the  major  tasks  of  the  Optically  Activated  Switch 
program  was  that  of  experimental  verification  of  the  projections  of 
the  analytic  study.  As  is  usually  the  case,  the  division  between  the 
tasks  was  not  clean,  because  the  analytic  study  needed  experimental 
inputs  for  several  parameters — especially  plasma  spreading  velocity 
and  the  forward-drop  current-density  relationship.  Some  general 
comments  about  the  experimental  results  are  in  order  before  examining 
them  in  detail. 

The  electrical  testing  conducted  for  the  low  dl/dt  infrared 
plasma  spreading  experiments  are  not  of  any  new  significance  in  them¬ 
selves  since  devices  have  been  tested  to  these  levels  with  electrical 
gating  without  undue  stress.  These  tests  served  as  a  reference  point 
for  the  infrared  measurements.  On  the  other  hand,  the  performance 
levels  achieved  by  the  laser  light  fired  thyristor  in  the  specially 
constructed  pulse  forming  network  test  system  are  orders  of  magnitude 
greater  than  those  achieved  with  electrically  gated  thyristors  and 
will  be  discussed  here  in  some  detail.  The  results  and  the  problems 
encountered  will  also  be  discussed  and  interpreted  for  the  purpose 
of  making  recommendations  for  future  encapsulation  and  application  of 
the  LASS. 

Thyristor  elements  or  devices  were  tested  at  various  voltages 
and  currents.  The  tests  were  performed  stepwise.  The  voltage  was 
increased  across  the  device  in  steps  of  approximately  425  volts  by 
changing  the  taps  on  the  main  transformer — usually  starting  each 
voltage  level  with  20  pulse  forming  networks  connected  to  the  device 
under  test  and  increasing  the  current  and  voltage  level  until  the 
device  failed  for  one  reason  or  another.  The  most  significant  achieve¬ 
ment  was  the  testing  of  two  devices  at  maximum  operating  voltage  and 
current  without  device  failure.  Figure  3.1-1  shows  the  voltage  and 
current  waveforms.  The  voltage  was  measured  using  the  clamping  circuit. 
The  full  voltage  waveform  cannot  be  shown  at  high  speed  because  the 


46 


. M H 


Figure  3.1-1.  Voltage  (lower)  and  current  (upper)  waveforms 
of  device  2G4  at  full  voltage  (1700  V)  and  current  conditions 
(40  PFN's).  Scales:  Vertical  5000  A/cm  and  5  V/cm;  Horizontal 
5  ysec/cm.  Current  and  voltage  zero  1  cm  above  bottom  line. 
Voltage  measured  using  the  clamp  circuit. 
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fast  probes  will  not  sustain  the  operating  voltage  of  the  device. 

These  devices  were  50  mm  diameter  gold  plated  units  and  were 
operated  at  a  blocking  voltage  of  1700  volts  with  all  40  PFN's  connected. 
Under  these  conditions  the  flat  portion  of  the  current  pulse  was  approx¬ 
imately  19,300  amperes.  The  full  width  half  maximum  value  of  the  current 
was  approximately  40  nsec  j.n  duration.  The  leading  edge  of  the  current 
waveform  was  purposely  made  to  overshoot  in  the  test  circuit  by  removing 
the  first  inductor  in  each  of  the  40  pulse  forming  networks  to  maximize 
the  dl/dt  available  from  the  system.  This  overshoot  value  reaches  24,300 
amperes  in  one  microsecond,  dl/dt  measured  from  the  10%  to  90%  of  the 
flat  portion  of  the  curve  gives  a  value  of  40,000  amperes/y second. 

The  pulse  repetition  rate  was  one  pulse  per  second. 

In  summary,  the  peak  current  achieved  was  24,300  amperes.  The 
pulse  current  was  19,300  amperes  for  a  40  usee  duration  at  one  pulse/sec. 

The  dl/dt  was  40,000  amperes/ysecond  and  the  blocking  voltage  was  1700  volts. 

It  was  found  in  general  that  a  failure  point  for  the  devices 
could  not  be  empirically  predicted.  The  reason  is  that  there  are  so 
many  different  parameters  to  consider  that  if  any  one  is  wrong,  the 
device  may  fail.  However,  it  was  shown  that  extremely  high  performance 
levels  can  be  achieved  if  certain  conditions  are  achieved.  First,  the 
electrical  contact  must  be  sufficiently  thick  and  metallurgically 
attached  to  the  silicon.  The  electrical-optical  configuration  should 
not  give  rise  to  current  channelling  which  will  unduly  stress  a  region. 

The  laser  light  must  be  of  sufficient  intensity  and  activate  a  sufficiently 
large  area  so  that  the  current  will  not  exceed  a  critical  current  density. 

The  major  questions  are,  what  are  these  values  or  combination 
of  values?  We  believe  that  the  analytic  computer  program  provides  the 
basic  approach  to  the  answers.  We  have  found  that  the  experimental  vol¬ 
tage  and  current  waveforms  can  be  closely  approximated  by  the  single  slit 
or  circular  geometry  patterns  from  the  computer  program.  By  combining 
these  inputs,  device  performance  has  been  predicted  far  above  the  experi¬ 
mental  failures.  The  fact  that  failures  occur  in  some  cases  and  not  in 
others  shows  that  the  limit  has  not  been  empirically  found.  The  tests 
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at  Lawrence  Livermore  Laboratories  described  in  Section  3.5.4  indicate 
extremely  high  dl/dt  and  current  density  capability.  We  believe  that 
by  proper  extension  of  the  computer  program  it  can  be  used  to  predict 
the  ultimate  capability  of  the  LASS. 

Some  additional  empirical  data  should  be  obtained  to  complete 

the  work,  however.  Some  thermal  measurements  are  needed  to  correlate  to 

the  temperatures  predicted  by  the  program,  and  the  relationship  of  the 

2 

intensity  level  of  the  light  (J/cm  )  to  the  forward  voltage  drop  or 
switching  power  loss  needs  to  be  better  understood.  These  points  are 
discussed  in  Section  4,  CONCLUSIONS  AND  RECOMMENDATIONS. 

3.2  Fabrication  of  Devices. 

Two  approaches  were  used  to  obtain  thyristor  or  LASS  devices 
for  experimental  testing.  First,  devices  which  had  been  fabricated  for 
electrical  gating  (i.e.,  designed  and  fabricated  to  be  triggered  by  a 
conventional  electrical  signal  as  opposed  to  an  optical  signal)  were 
modified  by  etching  away  the  electrical  gate  contact  and  also  by  etching 
patterns  (windows  or  ports)  into  the  cathode  metallization  to  observe 
the  infrared  recombination  radiation  (see  Section  3.5.2).  The  etching 
was  accomplished  by  typical  photoresist  and  aluminum  contact  etching 
techniques  used  throughout  the  semiconductor  industry.  Second,  devices 
were  designed  and  fabricated  specifically  for  optical  firing  so  that 
the  passivation  of  the  surface  took  place  after  the  cathode  electrical 
contact  optical  window  patterns  were  defined.  High  voltage  power 
thyristor  processing  is  a  relatively  low  yield  manufacturing  process, 
and  many  problems  were  experienced  with  the  specially  designed  runs. 

Most  of  the  devices  tested  were  modified  "conventional"  devices; 
however,  the  specially  prepared  devices  provided  some  interesting  data 
also. 

Figures  3.2-1  through  3.2-5  are  some  typical  designs  used  in 
the  electrical  testing.  Figures  3.2-1,  3.2-2,  and  3.2-3  are  plan  views 
of  three  of  the  emitter  designs  used  in  the  low  dl/dt  test  system.  The 
fourth  design  used  was  the  same  as  that  of  Figure  3.2-3  except  that  the 
shunt  pattern  appeared  over  the  entire  device  surface  (i.e.,  in  the 
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Figure  3.2-1.  Experimental  LASS  emitter  mask.  H-type  design. 
Dark  regions  are  N-type.  Light  regions  are  P-tvpe. 
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Figure  3.2-3.  Experimental  LASS  emitter  mask.  J-type  design. 
Dark  regions  are  N-type.  Light  regions  are  P-type.  This  pattern 
was  used  also  for  the  R-type  design  except  the  shunt  pattern 
(white  dots)  continued  over  the  central  region. 
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center  region  also)  and  the  n-base  region  was  thinner  than  those  tested 
with  the  Figure  3.2-3  emitter  design.  These  structures  were  designated 
H,  J,  K,  and  R,  respectively. 

In  all  three  figures,  the  dark  regions  are  n-type  and  the 
light  regions  are  p-type. 

Figures  3.2-4  and  3.2-5  show  the  various  cathode  metallization 
patterns  that  were  used  on  various  devices  for  low  and  high  dl/dt  testing. 
For  the  LASS  tests,  the  central  gate  metal  was  removed  from  the  three 
commercially  available  device  types  shown  at  the  right  in  Figure  3.2-4. 

An  additional  type  of  device  design  in  the  23  mm  diameter  size,  the 
Reverse  Blocking  Diode  Thyristor  or  RBDT  (formerly  Reverse  Switching 
Rectifier,  or  RSR) ,  was  modified  for  use  in  the  high  dl/dt  tests  by  having 
a  centrally  located  round  or  rectangular  port  etched  into  the  cathode 
metallization.  Three  port  patterns  were  used  with  the  50  mm  diameter 
devices  as  shown.  In  several  of  the  devices  the  overall  pattern  of 
very  small  windows  for  observation  of  the  infrared  recombination 
radiation  can  be  seen.  These  geometric  patterns  were  used  on  devices 
designs  to  block  either  1000  volts  or  over  2000  volts  in  order  to 
compare  the  effect  of  base  width  (i.e.  different  impurity  profiles) 
on  plasma  spreading  velocity. 

The  results  of  the  testing  of  these  various  configurations  are 
discussed,  as  applicable,  in  Section  3.5. 

3. 3  Equipment,  Circuits,  Instrumentation,  and  Techniques. 

The  following  seven  subsections  describe  the  important 
circuits  and  techniques  (along  with  special  instrumentation  where 
applicable)  used  to  obtain  the  experimental  data.  Special  consider¬ 
ations  and  rationale  for  the  approaches  adopted  are  developed  where 
appropriate.  Discussions  of  particular  problems  encountered  are  deferred 
to  Section  3.4,  Problems  Encountered. 

3.3.1  Laser  Light  Source  . 

The  source  of  light  activation  for  the  experimental  testing 

3+ 

was  a  neodymium  doped  yttrium  aluminum  garnet  (Nd  :YAG)  laser 
purchased  from  the  GTE  Sylvania  Corporation  as  Government  furnished 
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Figure  3.2-4.  Cathode  metallization  patterns  used  on  23  mm 
devices  designed  for  LASS  experiments  (left)  and  commercially 
available  patterns  (right). 


Figure  3.2-5.  Illumination  port  patterns  in  the  cathode 
metallization  for  LASS  experiments. 
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equipment.  It  represented  the  state  of  the  art  in  power  output  and 
repetition  rate  for  a  single  oscillator  at  the  time  of  purchase. 

The  laser  is  guaranteed  to  produce  a  multimode  pulse  of 
0.125  joule  at  a  repetition  rate  of  up  to  100  pulses  per  second  at 
1.06  pm  emitted  wavelength.  It  has  been  observed  to  produce  over 
0.150  joule.  It  is  Q-switched  with  a  Pockels  cell,  emitting  a  pulse  of 
the  order  of  10  nanoseconds  (Figure  3.3-1)  in  duration  to  a  peak 
power  of  approximately  15  M  watts.  A  cavity  insert  is  provided  to 
suppress  the  multimode  emission  and  cause  oscillation  in  the  TEM 

oo 

mode  with  a  guaranteed  output  of  over  0.010  joule.  It  has  been  observed 
to  produce  >  0.020  J  in  this  mode;  however,  both  the  front  and  back 
mirrors  must  be  adjusted  to  obtain  TEMqo  operation  and  produce  this 
magnitude  of  output  energy.  Figures  3.3-2  and  3.3-3  are  views  inside 
the  laser  head  showing  the  front  mirror  adjustment  and  flash  lamp 
removal,  respectively.  The  front  panel  of  the  laser  power  supply 
is  shown  in  Figure  3.3-4.  The  water-to-water  heat  exchanger  with 
associated  circulating  pump,  filter,  and  reservoir  are  shown  in  Figure 
3.3-5.  Details  of  the  laser  operation  and  maintenance  can  be  found  in 
the  instruction  manual  provided  by  GTE  Sylvania.  The  manual  was  shipped 
with  the  laser  at  the  completion  of  this  contract.  Specifications  for 
the  laser  are  contained  in  Appendix  III.  A  discussion  of  problems 
with  the  laser  can  be  found  in  Section  3.4.1. 

3.3.2  Spreading  Velocity  Measurement. 

The  determination  of  the  lateral  spreading  velocity  of  the 
conducting  plasma  was  a  major  subtask  of  this  contract.  For  this 
reason,  the  equipment,  technique,  and  results  are  discussed  in  detail 
in  this  report.  Two  approaches  were  used  to  determine  the  spreading 
velocity,  both  based  on  observation  of  the  electron-hole  recombination 
radiation  (X  "  1.14  pm)  emitted  from  the  conducting  region  of  the 
thyristor.  These  approaches  are  described  in  the  following  subsections. 

3. 3. 2.1  Infrared  image  converter  camera  technique  .  It  is 
well  known  that  thyristors  tum-on  locally  and  the  conducting  or  "on" 
region  plasma  then  spreads  over  the  entire  active  area  of  the  device  at 


56 


Figure  3.3-1.  Oscillograph  of  laser  output.  Time  scale  is 
5  nsec  per  major  scale  division.  Oscilloscope  used  was  Tek- 
tronics  type  7904. 


LASER  POWER  SUPPLY 


Figure  3.3-4.  Front  panel  of  laser  power  supply 
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some  rate.^  The  rate  of  lateral  spreading  of  the  plasma  is  called  the 
spreading  velocity,  vg.  A  technique  that  has  been  used  to  observe  the 
spreading  velocity  is  to  observe  the  recombination  radiation  emitted 
in  the  conducting  region  of  a  device.  This  technique  is  discussed  in 
detail  in  references  (1) .  The  system  is  shown  schematically  in  Figure 
3.3-6. 

Observation  windows  are  etched  into  the  cathode  contact  of 
the  thyristor  element  under  test  to  allow  the  radiation  to  escape  and 
at  the  same  time  minimize  the  perturbation  in  the  spreading  of  the  "on" 
region.  The  radiation  is  sensed  by  an  infrared  image  converter  tube 
focused  onto  the  cathode  of  the  device.  The  tube  converts  the  image 
to  the  visible  where  it  is  intensified  by  tandem  image  intensifiers  and 
then  photographed  for  permanent  record  and  measurement.  The  image 
converter  tube  is  constructed  with  a  variable  delay  shutter  so  that  the 
area  of  plasma  spreading  can  be  observed  at  some  variable  time  after 
the  device  has  been  fired.  In  this  way,  the  area  which  has  turned  on 
can  be  observed  at  various  times  after  triggering,  thus  enabling 
measurement  of  the  spreading  velocity  of  the  plasma.  Figure  3.3-7  shows 
typical  examples  of  the  sort  of  photographs  which  are  obtained.  By 
measuring  the  physical  distance  between  different  diameters  of  the  on 
region  and  the  time  the  shutter  is  opened  after  device  triggering,  the 
spreading  velocity  vg  is  obtained. 

The  photographs  obtained  are  a  multiplicity  of  exposures  of 
the  film  with  the  shutter  opened  at  the  same  time  each  time  the  device 
is  triggered.  The  length  of  the  exposure  (i.e.,  number  of  exposures) 
has  an  effect  on  the  on  region  diameter  because  of  the  sensitivity  of 
the  film.  The  edge  of  the  on  region  is  not  conducting  as  heavily  as 
those  regions  which  have  been  on  for  a  time  so  that  the  intensity  of 
the  recombination  radiation  is  not  as  great  at  the  edge  of  the  conduction 
region.  Even  if  the  number  of  exposures  at  each  time  frame  were  kept 
the  same  (that  is,  the  exposure  time  at  some  fixed  repetition  rate), 
the  intensity  of  the  recombination  radiation  is  a  function  of  the 
current  density  which  changes  (decreases)  as  the  shutter  position  is 
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Figure  3.3-6.  Schematic  representation  of  the  infrared  image 
converter  camera  technique  for  measuring  the  lateral  spreading 
velocity  of  the  electron-hole  plasma. 
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Figure  3.3-7.  Typical  example  of  raw  data  obtained  from  infra¬ 
red  image  converter  camera  technique.  Current  pulse  width 
100  usee;  shutter  pulse  width  -2  usee.  Anode  current  600  A. 


moved  farther  in  time  from  the  initiation  of  turn-on.  This  contributes 
to  errors  in  two  ways.  The  turned-on  area  is  determined  as  being  some¬ 
what  smaller  than  is  really  the  case.  As  a  first  resdlt,  the  effective 
radius  measured  at  each  interval  in  the  current  pulse  is  less  than  the 
true  value;  and  to  the  extent  that  this  difference  varies  with  the 
spreading  velocity  value  or  current  density  value,  it  contributes  to 
an  error  in  the  determination  of  Ar  and  thereby  the  spreading  velocity. 
Second,  because  the  measured  area  is  too  small,  there  is  an  apparent 
increase  in  the  current  density.  This  factor  would  cause  a  shift  in 
the  spreading  velocity-current  density  relationship  toward  higher 
values  of  current  density  for  a  given  spreading  velocity;  and  it  also 
increases  the  scatter  of  the  experimental  data  taken  with  different 
values  of  anode  current. 

There  are  additional  uncertainties  in  the  value  of  v  obtained 
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by  this  means.  First,  it  has  been  observed  for  both  electrically 
triggered  and  laser  fired  devices  that  the  gate  region  or  optical 
window  for  the  laser  pulse  conduct  current  only  during  the  early  stages 
of  conduction;  consequently,  the  assumed  area  of  conduction  from  which 
the  current  density  is  derived  is  only  approximate.  Second,  an  unknown 
factor  results  from  the  fact  that  conducting  region  of  many  devices 
does  not  spread  radially  in  a  uniform  manner  and  actual  current  density 
is  therefore  unknown.  This  may  be  a  matter  of  technique  in  contacting 
the  cathode  of  the  device  because  the  devices  tested  on  this  program 
demonstrated  very  uniform  spreading. 

The  neodymium  laser  was  set  up  with  the  plasma  spreading 
equipment  to  observe  turn-on  spreading  of  devices  fired  with  the  laser. 
Figure  3.3-8  is  a  diagram  of  the  pertinent  parts  of  the  set-up.  The 
laser  pulse  was  directed  into  the  center  of  the  device  with  a  glass 
prism  at  an  angle  approximately  45°  to  the  normal.  Although  the  image 
converter  tube  is  electronically  shuttered  off  during  the  laser  pulse, 
a  pass  band  light  filter  was  found  to  be  necessary  between  the  silicon 
surface  and  the  image  converter  tube.  Continuing  radiation  from  the 
laser  pump  flash  lamp  (after  the  laser  pulse  is  over)  is  scattered  from 
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Figure  3.3-8.  Diagram  of  infrared  recombination  radiation 
system  for  studying  plasma  spreading  with  laser  light  acti¬ 
vation  of  device  under  test. 
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the  silicon  and  metal  contact  surface  and  saturates  the  image  converter 
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tube.  The  pass  band  filter  is  centered  on  11,400  A  (silicon  band-to-band 

0 

recombination  radiation  peak)  with  a  half  power  bandwidth  of  ±300  A. 
Because  of  the  change  in  optical  path  length  introduced  by  insertion 
of  the  band  pass  filter,  the  focusing  must  be  carefully  checked  at 
this  point. 

Fluorescence  from  the  laser  rod  prior  to  Q-switching  is 

effectively  blocked  by  the  image  converter  and  is  apparently  at  a  low 

enough  level  after  the  laser  Q-switches  that  feed-through  does  not 

present  a  problem.  The  only  restriction  on  the  system  is  that  the 

shutter  cannot  be  open  during  the  laser  Q-switched  pulse. 

An  attenuator  consisting  of  two  crossed  glan  prisms  was 

inserted  into  the  beam  path.  Two  glan  prisms  are  used  so  that  the  plane 

of  polarization  of  the  output  beam  remains  unchanged  while  the  amplitude 

is  varied.  The  attenuator  is  set  up  by  aligning  the  second  prism  for 

maximum  transmission  of  the  laser  beam,  which  is  linearly  polarized  by 

the  use  of  a  Pockels  cell  Q-switch.  The  first  prism  is  placed  between 

the  laser  and  the  second  prism.  When  the  first  prism  is  rotated,  the 

4  2 

output  power  will  vary  as  cos  0,  rather  than  cos  0  as  would  result  if 
the  second  prism  were  omitted. 

Figure  3.3-9  is  a  calibration  curve  run  on  the  system  using 
a  Coherent  Radiation  Labs  calorimeter  with  the  laser  running  at  50  pps. 
The  excellent  agreement  between  theory  and  the  measured  value  indicates 
that  the  laser  output  is  highly  plane  polarized,  as  it  should  be. 

Maximum  output  through  the  attenuator  and  prism  with  the  laser  running 
in  the  TEMqo  mode  was  found  to  be  13  mjoule/pulse . 

The  thyristor  element  to  be  tested  is  mounted  in  a  jig  which 
contacts  the  device  at  the  periphery,  allowing  the  major  portion  of  the 
cathode  contact  surface  to  be  focused  onto  an  image  converter  tube  for 
observation  of  infrared  recombination  radiation  emitting  from  the  "on" 
regions  of  the  device.  (See  Figure  3.3-10.)  Small  holes  were  etched 
into  the  metal  contact  surface  to  expose  the  bare  sil '.con  surface  and, 
thus,  allow  the  infrared  radiation  to  reach  the  converter  tube. 
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Figure  3.3-10.  Infrared  recombination  radiation  observation. 
Note  pattern  in  device  to  permit  radiation  to  escape.  Device 
shown  in  jig  is  not  optically  activated. 


Figure  3.3-11  is  a  photograph  of  the  infrared  system  and  the  neodymium 
laser  transmitter. 

3. 3. 2. 2  Photomultiplier-light  pipe  technique  Because  of 
the  physical  make-up  of  the  pulse  forming  network  test  circuit,  it  was 
considered  impractical  to  use  the  image  converter  system  for  very 
high  current  v^  measurements.  Not  only  is  access  to  the  cathode  for 
focusing  impractical,  but  also  at  the  high  current  densities  antici¬ 
pated  in  this  system,  the  electrical  contact  configuration  becomes 
extremely  important.  Perturbations  to  very  good  electrical  contact 
must  be  minimized.  The  cathode  electrode  must  be  under  pressure  over 
most  of  the  surface  of  the  device  or  the  device  metallization  must  be 
sufficiently  thick  that  lateral  voltage  drops  are  negligible.  To  keep 
the  observation  windows  small  and  at  the  same  time  focus  through  a 
thick  contact  layer  is  Impractical. 

Figure  3.3-12  is  a  schematic  of  the  system  used  to  measure 
spreading  velocity  in  the  PFN  test  circuit  described  in  Section  3.3.3. 

A  photograph  of  the  set-up  is  shown  in  Figure  3.3-13.  The  photomulti¬ 
plier  (PM)  tube  has  an  S-l  surface  and  is  not  highly  sensitive  in  the 
very  near  infrared  (silicon  band-to-band  recombination  radiation  peaks 
at  1.14  pm).  In  order  to  obtain  low  level  signals  from  the  PM,  the 
tube  was  inclosed  in  a  commercial  dewar  and  cooled  to  dry  ice-methanol 
temperature  (-72°C). 

Two  types  of  observation  windows  in  the  cathode  contact  were 
used.  The  first  consisted  of  four  radial  rectangular  regions  etched 
90°  apart  as  shown  in  Figure  3.3-14.  A  light  pipe  was  inserted  into  a 
hole  in  the  cathode  contact  pole  piece  which  was  aligned  with  the 
radial  slot.  This  light  pipe  was  used  to  transmit  the  recombination 
radiation  to  the  photomultiplier  tube  input.  This  technique  was  needed 
because  a  large  observation  port  was  required  to  obtain  an  adequate 
signal  with  the  original  photomultiplier  system.  Catastrophic  failure 
of  devices  became  common  with  this  approach  and  always  occurred  in  the 
same  spot  (See  Figure  3.3-14).  The  reason  for  the  failure  is  obvious. 
The  thin  region  of  metallization  between  the  circular  illuminated 
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Figure  3.3-11.  Infrared  recombination  radiation  observation 
system  showing  electronic  control  optical  system.  Neodymium 
laser  transmitter  is  located  at  far  right.  (Refer  to  Fig¬ 
ure  3.3-7.) 
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Figure  3.3-13.  Photograph  of  set-up  to  measure  spreading 
velocity  under  high  current  conditions.  The  laser  head  is  at 
the  extreme  left  of  the  picture,  and  the  PFN  unit  is  the 
large  equipment  partially  shown  at  the  right.  The  photomulti 
plier  tube  and  its  amplifiers  are  on  the  bench  with  the  photo¬ 
multiplier  at  the  right  edge  of  the  bench. 


Figure  3.3-14.  Top  view  of  LASS  showing  circular  optical 
activation  window  in  the  center.  Contact  region  removed  in 
four  radial  strips  for  infrared  observation  of  plasma  spreading. 
Note  device  failure  at  metallization  between  window  and  obser¬ 
vation  strip. 


activation  window  and  the  etched  infrared  observation  strip  is  an 
electrical  and  thermal  stress  point.  Not  only  is  the  current  channeled 
through  this  contact  area  as  the  plasma  spreads,  but  some  reduction 
in  heat  sinking  of  the  region  also  results. 

As  a  result  of  the  above  problem,  efforts  were  made,  success¬ 
fully,  to  improve  the  sensitivity  of  the  photomultiplier  system  so 
that  an  adequate  signal  can  be  obtained  from  a  0.0127  cm  (0.005")  diameter 
hole  in  the  metallization.  This  increased  sensitivity  was  achieved  by 
improving  the  signal  to  noise  ratio  of  the  photomultiplier  tube  by 
cooling  it  with  dry  ice  and  alcohol  as  described  above,  and  increasing 
the  gain  of  the  amplifier.  This  method  not  only  provides  a  smaller 
perturbation  in  the  contact  configuration,  but  also  distributes  the 
current  and  thermal  stress  region  over  a  larger  area. 

Therefore,  the  second  type  of  observation  windows  employed 
holes  etched  0.0127  cm  (0.005")  in  diameter  on  0.0508  cm  (0.020") 
centers  over  the  entire  cathode  contact  area  of  a  device  to  permit 
the  recombination  radiation  to  escape  from  the  device  for  observation. 
Again  a  fiber  optic  light  pipe  was  inserted  in  holes  in  the  cathode 
pressure  contact  electrode,  and  the  other  end  was  placed  in  intimate 
contact  with  the  photomultiplier  tube  input.  The  light  pipe  is 
approximately  0.066  cm  (0.026")  in  diameter  so  that  regardless  of 
where  the  hole  is  placed  in  the  cathode  contact  pole  piece,  it  will 
always  line  up  with  at  least  one  of  the  observation  windows  in  the 
contact.  After  a  device  had  been  tested  and  observations  made,  the 
locations  of  the  observation  windows  which  were  aligned  were  noted  and 
the  distances  were  measured  relative  to  the  observation  window  used 
rather  than  the  ports  in  the  pressure  electrode  pole  piece.  See 
Figure  3.3-15. 

To  facilitate  these  infrared  observations  for  analysis  and 
correction  of  the  computer  model,  electrodes  with  various  patterns  of 
small  holes  in  the  pole  face  were  fabricated  to  permit  the  0.050  cm 
(0.020")  diameter  fiber  optic  light  pipe  to  be  brought  into  contact 
with  the  silicon  surface  at  various  radii.  Figure  3.3-16  is  a  photograph 


75 


Figure  3.3-15.  Plan  view  of  cathode  side  of  thyristor  active 
element  showing  the  central  window  for  triggering  and  the 
grid  of  0.0127  cm  diameter  infrared  observation  holes  in  the 
contact  region.  Darkened  holes  are  examples  of  ones  that 
aligned  with  pole  piece  ports  and  were  used  in  data  gathering. 
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Figure  3.3-16.  Photograph  of  cathode  electrodes  showing  pat- 
cems  of  observation  ports  (small  holes)  for  infrared  recom¬ 
bination  radiation  using  the  photomultiplier  (PM)  technique. 
The  left  electrode  shown  is  for  23  mm  diameter  active  ele¬ 
ments  and  the  right  one  is  for  50  mm  diameter  active  elements 
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showing  the  patterns  fabricated  for  both  the  23  mm  and  50  mm  diameter 
devices.  Observation  of  spreading  of  the  on  region  was  achieved  by 
coupling  the  output  of  the  light  pipe  to  the  photomultiplier  tube. 

The  time  from  the  laser  pulse  to  an  observation  on  the  photomultiplier 
indicates  the  spreading  velocity  (to  a  given  radius  md  consequently 
at  a  given  current  density).  Not  all  of  the  holes  were  used  simul¬ 
taneously.  One  piece  of  light  pipe  was  moved  around  to  obtain  average 
values.  The  new  method  does  not  permit  the  overall  radial  spread  to 
be  observed  in  a  single  observation,  but  a  quantitative  determination 
of  the  time  to  reach  the  on  state  at  a  given  radius  can  be  made.  If 
an  overall  picture  were  desired,  several  light  pipes  could  be  inserted 
simultaneously  and  their  outputs  applied  to  the  image  converter  and 
intensifier  tubes.  This  was  not  done  in  the  present  work  because  all 
data  available  indicated  very  uniform  spreading  of  the  plasma. 

In  order  to  align  the  rectangular  slots  in  the  electrode  to 
the  rectangular  aperture  patterns  in  the  device  metallization,  the 
device  was  aligned  under  a  microscope  and  then  mounted  to  the  electrode 
with  a  removable  silicone  rubber.  The  silicone  rubber  was  needed  to 
hold  the  device  in  alignment  with  the  electrode  while  the  two  parts 
were  inserted  as  an  assembly  into  the  test  system.  Errors  which  occur 
in  centering  the  pattern  on  the  device  in  photoresist  made  it  necessary 
to  enlarge  the  indentation  in  the  negative  electrode  to  insure  a  flat 
fit  to  the  electrode.  The  alignment  of  the  slots  is  critical:  other¬ 
wise,  "shadowing"  of  the  silicon  by  the  electrode  will  occur.  "Shadowing" 
was  found  to  cav.se  localized  heating  and  burn-out  in  earlier  experi¬ 
ments  (See  Section  3.4.3(b)). 

It  was  found  that  the  photomultiplier  tube  had  to  be  masked 
so  that  no  spurious  light  was  received  from  the  laser  pulse.  Other¬ 
wise,  the  amplifier  of  the  photomultiplier  was  driven  into  saturation 
and  did  not  recover  in  time  to  provide  useful  information. 

The  technique  introduces  an  uncertainty  in  the  time  measure¬ 
ment  since  the  observation  hole(s)  in  the  metallization  will  fall 
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somewhere  within  a  fiber  optics  light  pipe  observation  port  but  not  at 
a  predictable  point.  To  determine  the  location  of  these  holes,  a  clear 
lacquer  was  sprayed  into  the  observation  ports  after  testing  of  a 
given  device  was  complete.  Microscopic  observation  of  the  lacquer  on 
the  surface  of  the  device  after  removal  from  the  circuit  was  used  to 
locate  the  relative  position  of  the  observation  holes. 

The  spreading  velocity  is  a  function  of  the  current  density 
J  and  is  measured  as  follows:  The  laser  is  fired.  Sufficient  laser 
light  leaks  through  the  optical  system  to  cuase  a  signal  on  the  PM 
tube  output  which  is  observed  on  the  oscilloscope  trace.  (The  oscillo¬ 
scope  trace  is  synchronized  to  the  laser  pulse).  This  indicates  time 
zero.  At  some  later  time  another  signal  is  observed  on  the  oscillo¬ 
scope  when  the  on  region  has  spread  to  the  observation  window  opposite 
the  light  pipe.  This  is  t  .  By  placing  the  light  pipe  in  the  electrode 

at  various  radii,  various  tn  's  are  obtained.  The  radius  r  used  to 
*  r  n 

obtain  t  is  noted.  Then 
r 

n 


n 


Referring  to  Figure  3.3-11  where  the  darkened  points  are  assumed  to  be 
observation  windows  used  in  obtaining  signals  with  the  PM  tube  and 
light  pipe, 


v 

s 


r2»r3 


)  = 


Ipulse  (which  is  constant) 
Average  On  Area 
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When  working  with  rectangular  illumination  ports,  the  rfl  becomes  the 
distance  of  the  observation  windows  from  the  axis  of  the  illumination 
port.  This  is  reasonable  for  windows  near  the  port  and  near  the 
center  of  the  long  dimension  of  the  port,  but  constitutes  a  possible 
source  of  error  in  current  density  determinations. 

Measurements  of  velocity  using  t=0  as  an  end  point  in  At 

are  not  considered  reliable  because  the  initial  on  area  is  not 

well  defined  (believed  for  modeling  purposes  to  be  significantly 

larger  than  the  illuminated  area,  but  the  scattering  experiment  of 

section  3. 5. 3.1  indicates  otherwise)  and  it  is  impossible  with  present 

techniques  to  determine  when  the  central  illuminated  region 

goes  off  during  the  initial  spreading.  It  is  assumed  that  after 

the  first  radius  is  reached  by  the  plasma  that  only  the  area 

beneath  the  electrical  contact  is  actually  conducting.  Then  the 

on  area  is  well  defined  for  future  spreading.  It  is  also  assumed 

that  the  plasma  is  spreading  unifo.mly  radially.  This  does  appear 

to  be  the  case  at  these  current  densities  since  v  measurements 

s 

on  a  single  device  are  in  good  agreement  made  at  different  angular 
directions. 

Spreading  velocity  (v  )  can  in  principle  also  be  obtained 
by  timing  the  difference  between  when  the  signal  first  appears  in  a 
given  observation  port  and  when  the  signal  peaks  in  that  port.  (See  Figure 
3.3-17.)  But  so  many  arguable  assumptions  have  to  be  made,  and  the 
numerical  results  are  so  inconsistent  with  all  other  known  ways  to 
determine  vg,  that  this  approach  was  not  pursued  further. 

It  turned  out  that  the  photomultiplier  technique  to 

measure  v  was  successful  only  with  23  mm  diameter  devices, 
s 

As  is  discussed  in  Section  3.4.3,  Device  Under  Test, 
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Figure  3.3-17.  Photomultiplier  signal  from  infrared  port  in 
thyristor  cathode.  Scales:  Vertical  -  1  mv/division; 
horizontal  -  5  ysec/division.  Oscillograph  is  exposure  of 
10  device  pulses.  Note  laser  feedthrough  at  t  =  0.  Device 
current  was  5000  A.  dl/dt  =  10,000  A/psec.  Device  was 
blocking  850  volts  immediately  prior  to  firing. 
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a  problem  with  obtaining  adequate  electrical  contact  between  the 
device  cathode  metallization  and  the  cathode  pole  piece  was  solved 
by  applying  a  heavy  gold  plating  to  the  device  metallization.  The 
plating  operation  (approximately  0.005  cm  or  0.002  mils  thick)  effec¬ 
tively  covered  the  tiny  observation  holes.  Since  the  spreading  data 
achieved  with  the  23  mm  diameter  devices  is  believed  to  be  represen¬ 
tative  of  that  which  would  have  been  obtained  using  50  mm  diameter 
devices,  the  attempt  to  measure  v^  with  this  technique  on  50  mm 
diameter  devices  was  aborted  and  not  pursued  further. 

3.3.3  Pulsed  Power  Supplies 

Two  basic  circuits  were  used.  The  first  supplies  a  current 
pulse  of  variable  duration  and  amplitude.  It  was  used  to  pulse  the 
thyristor  element  in  order  to  observe  the  spreading  of  the  on  region 
using  the  infrared  recombination  radiation  plasma  spreading  technique. 
This  technique  is  described  in  detail  in  the  preceeding  section.  The 
equipment  is  shown  schematically  in  Figure  3.3-8  and  pictorially  in 
Figure  3.3-11. 

Devices  with  various  diffusion  geometries  were  anode  to 

3+ 

cathode  pulsed  in  this  system  and  light  fired  with  the  Nd  :  YAG  laser. 
The  experimental  results  are  described  in  Section  3.5. 

The  second  test  system  was  designed  and  built  specifically 
for  this  project  and  consists  of  40  pulse  forming  networks  (PFN) 
placed  radially  about  a  single  device  holder.  Each  PFN  has  its  own 
characteristic  load  resistor  of  1.6  ohms  and  any  number  from  1  to  40 
can  be  connected  in  parallel  to  the  device  holder.  The  device  under 
test  acts  as  a  switch  to  discharge  the  connected  PFN's  into  their 
matched  load  resistors. 

The  pulse  forming  networks  are  resonantly  charged  from  the 
main  power  supply  which  is  variable  in  four  equal  steps  at  nominal 
line  voltages  from  225  to  875V.  At  875V  the  PFN's  charge  to  approxi¬ 
mately  1700  volts  and  with  all  forty  pulse  forming  networks  connected 
to  the  load  the  pulse  current  is  just  under  20,000  amperes.  The  first 
inductor  in  each  pulse  forming  network  has  been  removed  from  the 
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circuit  in  order  to  minimize  the  rise  time  of  the  pulse.  The  resulting 
capacitive  input  of  the  PFN  leads  to  the  overshoot  and  ringing  seen 
in  the  oscillographs  of  the  current  waveforms  of  devices  under  test; 
however,  the  current  is  significantly  faster  and  provides  a  severe 
time  rate  of  change  of  current  (dl/dt)  stress  on  the  device  under  test. 

A  detailed  description  of  the  design  of  the  pulse  forming 
network,  its  charging  power  supply,  and  the  associated  logic  circuits 
is  contained  in  Appendix  IV.  Figure  3.3-18  is  a  photograph 
of  the  PFN  as  part  of  the  overall  test  set-up.  One  bank  of  20  PFN 
legs  is  disconnected  and  swung  out  to  show  construction  details.  Note 
the  octifurcated  fiber  optic  cable  hanging  from  the  central  opening  of 
the  20  PFN’s. 

Upon  completion  of  construction,  a  high  speed  switch  was 
simulated  by  placing  a  spring  metal  bar  across  the  test  position 
electrodes.  Risetime  was  determined  by  charging  20  PFN's  to  100  volts, 
physically  closing  the  "switch"  with  an  insulated  probe  to  discharge 
the  network,  and  observing  the  voltage  drop  across  the  0.001  ft  current 
monitor  shunt.  Figure  3.3-19  shows  this  voltage  waveform.  The 
pulse  duration  is,  nominally,  the  designed  40  psec.  The  amplitude 
is  approximately  10%  below  the  design  value  of  1250  A.  It  is  inter¬ 
esting  to  note  that  the  LASS  device,  when  tested  later,  appears  to 
have  lower  impedance  because  the  current  magnitude  for  the  LASS  device 
was  low  by  only  about  2%. 

The  risetime  is  shown  in  the  expanded  time  base  in  Figure 
3.3-20  and  appears  to  be  slightly  less  than  1  psec.  (Specification 
is  1  psec.) 

Measurements  were  performed  with  the  system  charged  to  100 
volts  with  a  small  external  power  supply  because  of  a  lack  of  a 
convenient  switch  to  test  the  circuit  at  higher  voltage.  The  PFN 
charging  network  was  checked  at  transformer  tap  levels  of  25,  50,  and 
100%.  At  100%  (2000  V),  the  resistor  load  connectors  arced.  These 
connectors  were  modified  to  correct  the  problem. 

The  electrical  fault  detection  circuit  was  checked  and 
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Figure  3.3-19.  Pulse  shape  of  test  circuit  PFN's.  Sc 
Vertical-500  A/division;  horizontal  -  10  psec/division 
Baseline  is  at  top  of  photograph. 


Figure  3.3-20.  Pulse  shape  of  test  circuit  PFN's  switched 
with  mechanical  short  (multiple  exposure).  Scales: 
Vertical  -  500  A/division;  horizontal  -  1  psec/division. 
Baseline  is  at  top  of  photograph. 
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calibrated.  If  a  device  under  test  fails  (shorts) ,  the  charge  circuit 
will  overload  when  the  command  is  given  to  charge  the  PFN's.  This 
excessive  current  is  detected  and  a  high  speed  circuit  breaker  inter¬ 
rupts  the  supply.  This  circuit  operated  properly. 

The  completed  test  circuit  was  tested  with  a  mechanical 
"hammer  switch"  (see  Figure  3.3-21)  to  10,000  A.  The  "hammer  switch" 
consisted  of  a  strip  of  brass  with  a  steel  point  press  fitted  and 


riveted  into  the  brass.  This  contact  was  screwed  into  one  electrode 


of  the  device  holder.  The  other  contact  consisted  of  a  brass  screw 


screwed  into  the  opposite  electrode  of  the  device  holder.  A  mylar 
insulating  sheet  was  placed  between  the  two  electrodes.  The  brass 
strip  is  struck  with  a  hammer,  driving  the  point  contact  through  the 
mylar  into  the  head  of  the  brass  screw.  This  technique  provides  a 
very  high-speed,  high-current  mechanical  switch.  At  significant 
currents  (a  few  thousand  amperes),  the  contacts  are  destroyed  in  a 
single  use  of  the  switch.  Cost  of  the  point  contact  was  excessive. 
Another  system  was  designed  (see  Figure  3.3-22)  which  used  an  alien 
cone  type  screw  as  the  point  contact.  This  system  did  not  appear  to 
give  as  high  a  peak  current  as  the  press  fit-riveted  contact.  This 
result  was  attributed  to  a  high  resistance  of  the  switch  as  a  result 


of  the  steel-to-brass  screw  threads. 


The  rise  time  of  the  system  was  about  1  nsec  and  was  tested 
to  10,000  A.  This  demonstrated  that  the  pulse  forming  networks  were 
capable  of  performing  the  required  test  tasks. 


3. 3. A  Attenuation  of  the  Laser  Light  Energ 


Several  techniques  can  be  employed  to  reduce  the  light  level 
entering  the  silicon  and  activating  the  device  for  the  purpose  of 
observing  the  effect  on  turn-on. 

The  most  obvious  technique  is  to  reduce  the  power  to  the 
flash  lamp  pump  in  the  laser  cavity.  This  method  has  the  decided 
disadvantage  of  changing  the  efficiency  of  the  laser  and,  consequently, 
the  shape  of  the  light  pulse  used  for  light  firing.  This  technique  is 


considered  undesirable  for  that  reason. 


t 


Dwg.  6414A75 


Press  Fit  &  Copper 


Fig.  3. 3-22.  Modified  hammer  switch 
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Two  other  methods  were  employed.  Crossed  glan  prisms 

provide  an  excellent  technique  of  continuously  varying  the  output 

energy  from  a  plane  polarized  beam  (which  is  emitted  by  the  laser) 

4 

following  a  cos  6  attenuation  curve.  Gian  prisms  were  employed  and 
found  to  give  excellent  agreement  with  the  theoretical  output.  The 
prisms  are  expensive,  however,  and  were  purchased  only  large  enough 
to  accommodate  the  beam.  They  are  easily  damaged  if  misaligned,  which 
did  occur.  Consequently  a  cheaper,  more  cumbersome  technique  was 
employed.  This  technique  consists  of  placing  glass  attenuators  in 
tandem  to  reduce  the  light  level  reaching  the  device  under  test.  It 
is  cumbersome  because  of  the  lack  of  variability.  The  relative 
sequence  of  the  attenuators  must  be  changed  and  the  output  measured 
to  ensure  that  bleaching  is  not  occurring. 

Bleaching  is  a  term  used  to  describe  the  occurrence  of 
saturation  of  the  absorption  centers  in  the  attenuator.  Above  some 
level  of  incident  light  intensity  must  be  determined,  and  not  exceeded, 
for  the  experiment  to  be  successful. 

3.3.5  Variation  of  the  Area  Illuminated. 

One  desirable  method  of  checking  the  validity  of  the  test 
procedures  and  theoretical  model  is  to  observe  the  change  in  the 
dynamic  forward  voltage  drop  of  the  thyristor  element  when  various 
amounts  of  area  are  illuminated.  The  use  of  the  octifurcated  fiber 
optics  cable  (shown  in  Figure  3.3-23  along  with  a  50  mm  diameter 
thyristor  element)  as  a  coupling  agent  between  the  laser  and  the 
thyristor  element  provided  a  means  to  vary  the  area  illuminated 
while  maintaining  all  other  test  conditions  constant.  This  was  achieved 
by  testing  one  device  with  a  predetermined  number  (20,  or  one  half  of 
the  total)  of  PFN  circuits  connected  and  charged  to  a  preset  voltage 
(850  volts  or  half  voltage) . 

Thus  the  current  was  set  at  approximately  one-fourth  of  the 
maximum  value  which  was  believed  (correctly)  to  be  a  value  that  the 
device  could  withstand  with  only  one  of  the  eight  input  ports  illum¬ 
inated.  Testing  was  started  with  all  eight  legs  of  the  fiber  optics 


88 


Figure  3.3-23.  Fiber  optic  cable  used  in  the  high  current 
tests.  One  end  has  circular  cross-section;  the  fibers  from 
this  are  randomly  separated  into  8  groups  and  each  of  these, 
at  the  other  end,  is  formed  into  a  rectangualr  cross-section 
The  circular  device  in  the  photo  is  a  typical  50  mm  diameter 
thyristor  element  showing  the  eight  activation  ports. 


cable  in  place.  Photographs  of  the  current  and  voltage  waveforms 
were  taken;  two  of  the  cables  were  removed  from  the  device  holder  and 
the  test  repeated.  The  sequence  was  repeated,  removing  two  cables  at 
a  time,  until  only  two  remained.  A  final  test  was  run  using  one  fiber 
optic  cable  leg  connected  to  the  device.  In  this  manner,  the  amount 
of  light  entering  each  leg  of  the  fiber  optic  cable  remained  constant 
throughout  the  test;  the  current  through  the  device  remained  constant 
throughout  the  test;  but  the  current  density  increased  as  the  number 
of  connected  legs  decreased. 

3.3.6  Current  Monitoring . 

The  current  was  monitored  by  means  of  a  non-inductive  coaxial 
resistor  of  0.001  ohm  connected  to  the  device  test  jig.  Current  wave¬ 
form  shape  and  resistance  using  the  coaxial  resistor  as  a  monitor  have 
been  compared  to  those  obtained  using  a  Pearson  Model  411  current 
transformer  as  a  monitor  on  a  single  PFN  in  the  parallel  array  of  up 
to  40  PFN's.  The  comparison  is  shown  in  the  oscillographs  in  Figure 
3.3-24  and  can  be  seen  to  be  essentially  identical. 

3.3.7  Voltage  Monitoring. 

Several  problems  are  encountered  in  monitoring  the  dynamic 
voltage  drop  across  the  LASS  under  test.  First,  the  voltage  across 
the  device  changes  by  2  to  3  orders  of  magnitude  requiring  a  very  large 
dynamic  range  of  the  monitoring  equipment.  The  measurements  of 
interest  are  the  initial  voltage  transition  and  the  forward  drop 
across  the  device  during  the  pulse.  To  achieve  any  reasonable  degree 
of  sensitivity,  the  voltage  range  on  an  oscilloscope  should  be  of  the 
order  of  10  volts/division  at  the  currents  and  voltages  of  the  devices 
tested.  The  initial  blocking  voltage  of  1000  to  2000  volts  across  the 
device  drives  the  oscilloscope  amplifier  far  into  saturation,  a  condition 
from  which  the  amplifier  cannot  recover  rapidly  enough  to  provide  an 
accurate  measurement  of  the  dynamic  "on"  state  forward  voltage  drop. 

A  circuit  which  overcomes  this  problem  to  some  extent  was 
devised.  It  allows  the  majority  of  the  pulse  to  be  monitored  at  high 
sensitivity  but  sacrifices  any  observation  of  the  initial  transition  of 
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(a)  5000  A/ cm  division.  Device  2G4.  Indicates  1=  24,000A; 

I  =  19,000  A;  dI/dt>40,000A/psec. 
ave  ’ 


(b)  lOOA/cm  division  (times  40  to  compare  with  (a)).  Device  2G6. 

Indicates  1=22, 600A;  I  =19,200;  dI/dt>40,000A/psec. 

ave 


Figure  3.3-24.  Comparison  of  current  signal  from  0.001  ohm 
resistor  (a)  and  from  Pearson  model  411  current  transformer  (b) . 
Test  conditions  were  all  PFN's  connected  and  charged  to  1700 
volts.  Current  should  be  approximately  20,000  amperes.  Time 
sweep  is  5  usee  per  cm  division  for  both  photos. 
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device  from  the  blocking  to  the  on  state.  The  circuit  is  discussed 

in  detail  in  Appendix  II.  It  is  fundamentally  a  clamp 

circuit  which  holds  the  oscilloscope  input  to  the  clamp  voltage  until 

the  applied  voltage  drops  below  the  clamp  voltage.  After  an  initial 

recovery  time  of  the  circuit  (less  than  1  psec)  the  voltage 

across  the  device  is  displayed  accurately  at  a  high  sensitivity. 

When  one  is  working  with  large  currents,  the  potential  drop 
across  contacts  can  be  substantial.  The  device  holder  of  the  pulse 
forming  network  test  circuit  was  modified  to  accept  Kelvin  probes  to 
eliminate  this  problem.  Each  probe  consisted  of  a  fine  tungsten  wire 
which  was  spring  loaded  to  make  contact  with  one  of  the  surfaces  of  the 
thyristor  element  under  test.  These  in  turn  were  connected  to  Tektronics 
matched,  compensated,  100  times  probes  which  applied  the  voltage  signal 
to  the  differential  input  of  the  Tektronic  type  6A13  differential 
input  amplifier  plug-in  module  of  a  Tektronic  model  7844  dual  beam 
oscilloscope. 

For  voltages  greater  than  400  volts,  the  clamp  circuit  described 
earlier  was  used.  Figure  3.3-25  shows  oscilloscope  traces  at  two 
different  gain  settings  of  the  oscilloscope.  The  difference  in  the 
apparent  ringing  shows  how  careful  one  must  be  with  the  instrumen¬ 
tation  at  the  current,  voltage,  and  switching  time  levels  involved  in 
this  contract.  In  either  case,  the  fall  time  of  the  voltage  (90%  to 
10%  points)  is  at  most  a  few  tens  of  nanoseconds.  Attempts  to  measure 
fall  time  with  faster  sweep  rate  exceeded  the  writing  speed  of  the 
scope/camera/film  combination. 

3.4  Problems  Encountered. 

Several  problems  with  equipment  and  technique  were  encountered 
during  the  course  of  this  investigation.  The  following  sections 
describe  the  major  problems  and  where  appropriate  the  procedures  to 
overcome  them.  These  problems  fall  into  four  main  categories: 

1.  Laser 

2.  Instrumentation 

3.  Device  under  test 

4.  Main  power  supply  (pulser) . 
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a)  Oscilloscope  at  1  V/cm  X  100  differential  probes 


b)  Oscilloscope  at  .5  V/cm  Vernier  calibrated  to  1  V/cm  X  100 
Probes  -  Different  range  uses  different  input  attenuators 


Figure  3. 3-25  Comparison  of  voltage  turn-on  waveforms  with 
different  oscilloscope  range  settings.  Note  greater  ringing 
at  edge  of  fast  voltage  transition  (a)  than  in  (b).  Device 
2  G-6  20  PFN's  -  425  V  -  2300  A 
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3.4.1  Laser  Problems  . 

The  laser  posed  a  number  of  problems.  Most  significant  was 
the  tendency  to  emit  one  or  a  few  pulses  when  first  turned  on  that  were 
appreciably  less  intense  or  weaker  than  the  steady  state  or  "good" 
pulses.  Such  a  weaker  pulse  is  referred  to  as  a  "soft"  light  drive. 
With  a  soft  light  drive  to  the  device  under  test,  device  failure 
often  resulted.  A  technique  was  implemented  which  involved  hand 
shuttering  the  beam  to  the  device  under  test  with  a  laser  light 
sensitive  material  (such  as  several  thicknesses  of  Hadron  footprint 
paper)  to  check  if  the  laser  were  putting  out  a  "good"  pulse.  Occa¬ 
sionally,  this  method  was  also  catastrophic  if  one  accidentally 
intercepted  a  part  of  the  beam  effectively  allowing  a  "soft"  drive 
to  occur. 

Other  less  catastrophic  idiosynchrosies  of  the  laser  are 
described  below. 

a.  When  using  an  external  trigger,  spurious  laser  output 
pulses  are  observed  in  switching  between  repetitive  and 
single  shot  operation.  These  unwanted  pulses  interfere 
with  orderly  measurement  procedures. 

b.  At  low  repetition  rate,  the  laser  output  drops  radically 
after  the  main-power  supply  has  been  on  5  minutes  or  so. 

This  effect  occurs  whether  the  laser  is  being  operated 
(i.e.  output  pulses  being  emitted)  or  not.  In  our  case  the 
reduced  energy  pulses  could  cause  damage  to  the  system 
under  test. 

c.  With  an  external  trigger,  if  the  laser  is  turned  on  by 
first  activating  the  high  voltage,  then  throwing  the  toggle 
switch  to  "run",  the  laser  will  run.  However,  if  the  switch 
is  thrown  to  single  shot  for  about  20  seconds,  then  returned 
to  the  run  position,  the  laser  will  rarely  run  unless  the 
high  voltage  is  switched  off  and  the  initial  sequence 
repeated.  This  problem  cannot  be  overcome  by  pushing  the 
single  shot  button  as  stated  in  the  manual. 
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d.  The  power  meter,  intended  to  read  average  power  in 
repetitive  pulsing,  did  not  work.  Therefore  all  power 
measurements  were  made  by  using  an  external  power  meter. 

3.4.2  Instrumentation  Problems. 

Several  difficulties  encountered  during  the  test  procedures 
have  already  been  discussed  in  Section  3.3.  These  include  the  methods 
used  to  monitor  LASS  voltage  and  current,  optical  masking  of  the 
photomultiplier  tube  from  stray  laser  light,  and  the  necessity  of 
cooling  of  the  photomultiplier  tube.  Additional  problems  requiring 
mention  are: 

a.  The  power  supply  and  cathode  follower  unit  for  the 
photomultiplier  tube  infrared  measurements  required  line 
isolation  transformers  to  prevent  feedthrough  when  the  pulser 
test  circuit  was  discharged  by  the  laser  activating  the 

LASS  in  the  test  circuit. 

b.  The  electrode  contact  to  the  metallization  of  the  LASS 
seemed  to  "wedge"  on  occasion  and  permitted  feedthrough 

of  the  laser  directly  into  the  sensing  fiber  optics  cable. 

The  problem  of  "wedging"  is  discussed  also  in  Section  3.4.3. 

c.  In  testing  at  maximum  current  and  voltage,  the  oscillo¬ 
scope  had  to  be  moved  at  least  10  feet  from  the  40  PFN 
pulser  unit  to  prevent  feedthrough  when  taking  voltage 
readings.  Certain  ranges  of  the  oscilloscope  were  more 
susceptible  to  feedthrough  than  others  (See  Figure  3.3-25). 

d.  A  special  circuit  had  to  be  added  to  the  logic  control 
system  to  disable  the  shut-down  safety  circuit  right  at  the 
time  of  the  laser  pulse  firing  of  the  device  to  prevent 
shutdown  of  the  system  when  repetitive  pulses  were  desired. 

In  general,  whenever  a  system  utilizes  high  current  pulses 

with  extremely  fast  rise,  there  are  usually  feedthrough  problems.  The 
system  must  be  carefully  grounded  to  avoid  ground  loops,  and  the 
readout  equipment  must  be  carefully  positioned,  shielded,  and,  in  some 
cases,  powered  through  isolation  transformers. 
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3.4.3  Device  Under  Test . 

Activating  a  switch  such  as  the  LASS  under  the  high  dl/dt  and 
high  peak  current  conditions  of  the  pulser  test  circuit  requires  a 
uniformly  distributed,  large  area,  low  resistance  contact  between  the 
clamping  electrode  and  the  device  under  test.  If  the  contact  resis¬ 
tance  is  not  low,  excessive  power  may  be  dissipated  in  the  device 
contact  thus  heating  the  device  and  causing  it  to  fail.  If  the  contact 
is  not  uniform,  current  will  become  localized  causing  increased  stress 
in  the  localized  regions.  In  the  work  reported  many  devices  failed 
shorted  in  the  pulser  test  circuit  at  lower  than  expected  current 
densities.  Failure  analysis  of  these  devices  yield  several  mechanisms 
causing  the  failure:  non-uniform  contact  and  high  lateral  resistance 
at  the  surface  of  the  device,  shadowing  of  the  unmetallized  region 
by  a  portion  of  the  fiber  optics  cable,  and  uncontrolled  contact 
between  the  metal  jacket  of  the  fiber  optics  cable  and  the  unmetallized 
region  of  the  device. 

3. 4. 3.1  Non-uniform  contact  and  high  lateral  resistance. 

A  major  problem  encountered  in  device  testing  was  that  of  obtaining  a 
large  area  electrical  contact  to  uniformly  distribute  the  current 
under  high  current  test  conditions.  Examination  of  the  impression  of 
the  hard  brass  pressure  electrode  in  the  soft  aluminum  metallization 
of  the  device  showed  that  contact  was  not  made  to  the  entire  surface 
of  the  device  because  of  non-parallelism  of  the  component  surfaces. 

As  a  result  of  this  non-parallelism,  electrical  contact  was  sometimes 
remote  from  the  illuminated  port  forcing  current  for  a  comparatively 
long  lateral  distance  through  the  thin  metallization  of  the  cathode 
electrode.  Because  of  the  resistance  of  this  metallization,  and  the 
large  currents  involved,  appreciable  voltage  was  developed  and  arcing 
occurred  between  the  device  metallization  and  the  pressure  electrode 
(Figure  3.4-rl).  Presumably,  if  the  cathode  metallization  (which  is 
metallurgically  sintered  to  the  silicon)  were  made  sufficiently  thick, 
even  a  remote  electrical  contact  of  relatively  small  area  would  not 
unduly  stress  the  silicon  by  resistance  heating  since  the  lateral 
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Figure  3.4-1.  Failed  device  showing  arcing  in  metallization 
well  away  from  the  illuminated  port  or  window. 
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resistance  of  the  contact  would  be  considerably  reduced.  One  can 
attempt  to  calculate  the  order  of  metal  thickness  required  by  calcu¬ 
lating  the  voltage  drop  between  the  centrally  conducting  region  and 
a  contact  ring  near  the  outer  edge  of  the  device  as  follows: 

For  a  circular  geometry  the  lateral  contact  resistance  from 
the  central  edge  of  the  optical  window  to  the  outer  edge  of  the  device 
is  (See  Figure  3.4-2) 


R  = 


dR 


r 


2 


ps  dr 
r  2ir 


where  R  is  the  total  resistance,  p  is  the  sheet  resistance  (i.e.,  the 

s 

ratio  of  the  resistivity  to  the  thickness),  r^  is  the  outermost  contact 
radius,  and  r^  is  the  radius  of  the  central  optical  window.  For  a 
typical  aluminum  metallization  60,000  &  thick  on  a  2.54  cm  diameter 
device  with  a  central  window  opening  approximately  of  0.178  cm  radius, 

R  -  1.2  mfl  where  r^/x^  =  6. 

If  the  device  were  contacted  only  at  the  outer  periphery,  the  lateral 
voltage  drop  at  20  KA  would  be  24  volts  which  leads  to  an  instantaneous 
power  dissipation  of  480  kW;  however,  total  pulse  duration  is  only 
40  psec.  Assuming  that  the  lateral  dissipation  takes  place  for  approx¬ 
imately  one-half  of  the  pulse  (only  an  order  of  magnitude  value  is 
being  sought),  approximately  10  joules  will  be  dissipated  in  the 
contact  film.  The  temperature  rise  of  this  metal  contact  film  can  be 
calculated  by  assuming  an  adiabatic  rise  as  a  result  of  the  10  joules 
being  dissipated  uniformly  in  the  contact  volume.  Then 

AT  =  Q/(pir(r22  -  r^jtc) 

where  Q  is  the  heat  dissipated,  p  is  the  density  of  the  material,  c  is 
the  specific  heat  of  the  material,  r^,  r2,  and  t  are  defined  in 
Figure  3.4-2.  For  Q  =  10  J,  p  =  2.7  gm/cm3,  c  =  0.93  J/gm°C, 
r^  =  0.178  cm,  r2  =  1.068  cm,  t  =  6  X  10“^  cm 
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AT  =  10/(2.  7  X  tt(1.0682  -  o.1782)6  X  10-4  X  0.93) 

AT  =  2.0  X  103oC. 

The  contact  would  melt  in  one  pulse  if  the  assumed  geometric  condition 
were  actually  realized.  Regions  making  poor  electrical  contact  will 
also  have  poor  thermal  contact  so  that  hot  spots  are  bound  to  develop 
in  regions  where  the  electrode  metallization  is  not  in  intimate 
contact  with  the  pressure  electrode.  These  hot  spots  can  lead  to 
catastrophic  failure  of  the  device  as  evidenced  in  Figure  3.4-1. 

It  should  be  noted  that  the  lateral  voltage  drop  in  the 
cathode  metallization  produces  an  erroneous  value  for  the  forward 
voltage  drop  of  the  device.  This  erroneous  value  will  be  unsuitable 
for  comparison  with  the  predictions  of  the  analytic  model.  Therefore, 
the  lateral  resistance  in  the  device  metallization  must  be  reduced 
to  the  minimum  practical  value. 

As  stated  before,  examination  of  many  of  the  failed  devices 
indicated  that  contact  was  indeed  not  uniform  and,  by  implication, 
that  the  geometric  configuration  was  not  symmetric  as  in  the  calculation 
above.  This  implies  that  the  voltage  drop  could  be  even  higher  than 
the  calculated  value.  Calculation  of  the  actual  voltage  distribution 
is  difficult  and  can  be  meaningful  only  if  the  exact  contact  points 
are  known.  But  it  was  not  necessary  to  determine  the  exact  distri¬ 
bution.  A  successful  approach  was  to  make  the  contact  configuration 
such  that  the  lateral  contact  resistance  is  negligible. 

Initially,  a  soft  (annealed  dead  soft)  silver  slug  was 
inserted  into  the  contact  system.  This  slug  did  not  deform  satis¬ 
factorily  in  clamping,  and  devices  still  failed  at  high  current  levels. 

By  plating  a  metal  on  top  of  the  metal  contact  to  a  thick¬ 
ness  of  approximately  10  times  the  original  thickness,  all  lateral 
voltage  drops  would  be  reduced  oy  a  factor  of  10  (to  2.4  volts  in  the 
above  symmetric  calculation).  A  value  of  2.4  volts  is  of  the  same 
order  as  the  accuracy  of  the  forward  drop  measurement.  The  required 
plating  thickness  using  gold  was  about  50  ym.  Gold  was  successfully 
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plated  onto  the  aluminum  metallization  and  devices  were  tested  to  full 
voltage  and  current  without  degradation  or  failure. 

Several  techniques  were  tried  to  build  up  the  contact  thick¬ 
ness  on  the  sintered  aluminum  contact  on  the  cathode.  Rather  than 
describe  all  of  the  various  techniques  attempted  (such  as  electroless 
nickel  plus  silver,  or  silver  directly,  etc.),  the  most  successful 
technique  of  electroplating  gold  onto  aluminum  will  be  described. 
Although  it  has  long  been  known  that  an  aluminum-gold  system  eventually 
leads  to  the  now  historic  and  famous  "purple  plague  problem"  of  early 
semiconductor  device  work,  purple  plague  does  not  pose  a  problem  for 
these  short  term  experiments.  If  it  is  found  necessary  in  eventual 
production  of  these  devices  to  incorporate  thick  metallizations  on 
the  device  electrodes,  an  aluminum-gold  system  must  be  avoided.  There 
are  other  metallizations  such  as  titanium-silver  that  are  in  common 
use  in  the  semiconductor  industry. 

The  gold  plating  employed  a  commercially  available  citrate 
gold  bath  (trade  name  Sel-Rex)  which  contains  1  troy  ounce  of  gold 
per  gallon.  The  bath  is  held  at  about  55°C  which  gives  a  plating  rate 
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of  approximately  1000  A/ minute  at  a  current  density  of  1.7  ma/cm  . 

It  was  found  that  increasing  the  plating  rate  slowly  in  steps  between 
150  A/minute  to  1500  A/minute  resulted  in  a  uniform  gold  plate  with 
relatively  good  adherence.  The  aluminum  surface  of  the  device  was 
cleaned  by  swabbing  with  acetone  and  immediately  etching  the  alum¬ 
inum  surface  for  about  5  to  10  seconds  in  an  aluminum  etch  solution 
(e.g.,  25  parts  concentrated  phosphoric  acid,  1  part  concentrated 
nitric  acid,  5  parts  glacial  acetic  acid,  and  4.5  parts  de-ionized 
water).  Subsequently,  a  quick  de-ionized  water  rinse  was  used  and  the 
devices  were  immersed  in  the  Sel-Rex  solution.  A  typical  plating 
run  for  two  50  mm  diameter  devices  plated  simultaneously  would  be 

Approximate 

Current  Time  Thickness 

10  ma  25  min 

20  ma  55  min 

50  ma  25  min 

100  ma  210  min 


J  y  / 

16,500 
18,750 
315,000  0 
354,050  A 


101 


These  times  and  currents  were  found  to  be  not  critical  as  long  as  the 
initial  rate  was  slow  and  increased  over  a  period  of  time.  It  was 
found  (by  measurement)  that  the  thickness  of  the  plating  was  quite 
predictable  if  the  times  and  currents  were  added  as  shown  above. 

Another  technique  to  overcome  the  non-uniform  contact  and  high 
lateral  resistance  was  applied  when  a  device  was  mounted  into  the  test 
holder.  It  was  found  that  tightening  the  pressure  electrode,  allowing 
a  settling  or  creep  period  (about  30  minutes) ,  and  retightening  the 
mounting  screws  periodically  provided  an  improved  electrical  contact 
to  the  device. 

3. A. 3. 2  Shadowing  of  a  portion  of  the  light  input  window 
Referring  to  Figure  3.4-3a,  it  can  be  clearly  seen  that  if  the  contact 
electrode  "shadows"  the  light  input  window,  there  will  be  a  region 
between  the  light  activated  region  and  the  metallization  (contact) 
to  the  silicon  which  will  be  unmodulated.  As  a  consequence,  this 
region  will  have  a  high  lateral  resistance  causing  an  undesirable 
and  unnecessary  power  dissipation  in  the  device  in  turn-on.  If  the 
lateral  drop  in  is  high  enough,  arcing  can  occur  between  the  silicon 
and  the  "shadowing"  electrode  (which  is  an  equipotential  surface) 
depending  on  the  proximity  of  the  electrode  to  the  silicon. 

Figure  3.4-3b  is  a  cross-sectional  sketch  of  the  same  con¬ 
figuration  as  a)  except  that  the  circular  light  pipe  is  jacketed  with 
a  metal  sheath  and  is  allowed  to  touch  the  silicon  as  well  as  the 
metal  electrode  through  which  it  is  inserted.  Any  potential  drop 
across  R^  appears  between  the  metal  sheath  and  the  silicon  either 
causing  arcing  and  subsequent  melting  of  the  silicon  or  providing  a 
comparatively  high  resistance  path  for  current  between  the  silicon 
and  the  metal  sheath  on  out  through  the  metal  electrode.  It  can  be 
seen  in  Figures  3.5-17a  and  3.5-17b  that  the  silicon  does  indeed  meet 
under  these  conditions  leading  to  device  failure. 

If  the  optical  light  input  window  is  always  made  smaller 
in  all  dimensions  than  the  cross-section  of  the  illuminating  source, 
the  unmodulated  region  will  be  avoided.  The  difference  in  size 
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Figure  3.4-3.  Sketches  illustrating  the  effects  of  poor  geo¬ 
metric  and  electrical  configurations  associated  with  the  light 
input,  (a)  Shadowing  of  a  portion  of  the  input  window  caused 
by  too  small  an  entrance  port  through  the  pressure  electrode 
(misalignment  of  electrode  port/window  would  cause  similar 
effect,  but  would  not  be  symmetric),  (b)  Metal  jacket  of 
fiber  optics  cable  touching  silicon. 
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should  be  minimized  since  any  light  striking  the  metallized  region  is 
wasted  light  energy. 

3. A. 3. 3  Stray  light  from  laser  and  laser  beam  A  problem 
related  to  device  testing  resulted  in  some  erroneous  results  being 
initially  recorded.  The  output  of  the  laser  is  a  highly  concentrated 
pulse  of  infrared  radiation;  however,  unless  any  optical  system  is 
effectively  baffled,  "stray"  light,  most  probably  a  result  of  reflec¬ 
tions,  can  enter  the  system  and  introduce  activated  turn-on  in  regions 
of  the  device  other  than  the  aim  of  the  main  beam.  Indeed,  this 
result  was  observed  when  the  observation  holes  for  infrared  recombin¬ 
ation  radiation  measurements  (See  Section  3.5.2)  were  left  uncovered 
when  the  laser  was  fired  into  the  optical  window.  Stray  light  entered 
the  observation  ports  and  turned  on  the  device  locally  in  those  regions 
giving  rise  to  some  erroneous  spreading  velocity  measurements.  The 
same  effect  was  observed  when  devices  were  illuminated  at  an  off 
normal  angle  in  the  image  converter  system  (See  Section  3.5.2).  The 
oversight  is  rather  easy  to  make  for  two  reasons.  1)  The  laser  light 
is  not  discernible  to  the  eye.  2)  The  required  intensity  of  light  to 
trigger  a  region  "on"  is  many  orders  of  magnitude  lower  than  that 
being  used  to  light  fire  these  devices  for  high  dl/dt  turn-on;  con¬ 
sequently,  only  a  small  amount  of  "stray"  light  from  the  laser  beam 
can  lead  to  erroneous  spreading  velocity  measurement  and  analysis. 

3. A. A  AO  PFN  Pulser  Shakedown  and  Operation. 

There  were  several  problems  encountered  in  the  fabrication 
and  operation  of  the  pulser  designed  for  this  LASS  program.  Some  of 
these,  such  as  the  unexpectedly  long  delivery  time  of  the  storage 
capacitors,  increased  the  cost  and  delayed  completion  of  the  pulser. 
However,  only  the  operational  problems  will  be  discussed  below. 

There  were  three  operational  problems  worthy  of  discussion:  noise 
sensitivity  of  the  logic,  operation  of  the  safety  shut-down  when  a 
thyristor  device  failed,  and  Improper  operation  (false  trips)  of  the 
safety  circuit. 
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A.  Noise  sensitivity  of  the  logic 

Early  In  the  shakedown  of  the  pulser  it  demonstrated  extreme 
sensitivity  to  spurious  noise.  In  reality,  the  noise  was  generated 
when  the  PFN's  of  the  pulser  were  discharged  through  the  LASS.  Various  1 
methods  were  used  to  isolate  the  control  logic  from  the  main  pulser 
stack  of  PFN's  such  as  maximizing  the  physical  separation;  modifying 
the  interconnections  by  using  twisted  shielded  pairs,  or  introducing 
inductive  loops  or  isolation  transformers;  and  using  line  isolation 
transformers  to  isolate  the  power  supplies  of  the  control  logic.  Each 
time  that  the  problem  seemed  to  be  cured  at  a  given  voltage  and  current 
level,  it  appeared  again  as  the  test  voltage  and  current  were  raised 
to  higher  levels.  Unfortunately,  this  work  required  the  use  of  the 
LASS,  so  it  was  not  practical  to  quickly  go  to  the  design  maximum 
current  and  voltage  levels  and  solve  the  problem  once.  It  was  neces¬ 
sary  to  work  up  slowly  as  other  problems  such  as  device  contacting 
were  solved  permitting  the  system  to  operate  at  the  higher  levels 
without  catastrophic  failure.  The  final  solution  to  the  problem 
was  to  completely  disable  the  safety  circuit  just  before,  during,  and 
immediately  after  the  pulser  discharge  period.  If  the  pulser  is  to 
be  used  in  some  manner  where  this  feature  is  indesireable,  the  control 
logic  must  be  modified  accordingly, 
b.  Safety  circuit  operation  after  LASS  failure 

The  present  safety  circuit  senses  the  current  through  the 
thyristor  shortly  after  the  system  has  fired.  Since  the  PFN's  have 
already  discharged  by  this  time,  no  current  is  sensed  until  the  next 
cycle  is  attempted.  This  control  logic  means  that  the  main  charging 
power  supply  is  connected  across  the  LASS  device  when  the  command 
SCR's  are  turned  on.  If  the  device  failed  on  the  previous  pulse 
(i.e.,  shorted),  then  a  large  power  pulse  is  dissipated  in  the  shorted 
device  causing  considerable  melting  of  the  device.  Consequently,  any 
details  of  the  true  failure  mode  of  the  device  are  obliterated  by  this 
next  pulse. 

A  circuit  technique  which  could  be  incorporated  into  the 
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system  to  avoid  this  problem  would  be  to  add  a  thyristor  circuit  of 
high  impedance  which  would  momentarily  impress  a  high  voltage  across 
the  device  just  prior  to  the  main  charging  cycle  of  the  pulse  forming 
networks  and  test  for  leakage.  If  sufficient  leakage  were  detected 
indicating  a  shorted  device,  the  system  would  shut  down  and  avoid 
connecting  the  main  power  supply  across  an  already  "failed"  device, 
c.  Improper  timing  of  the  safety  circuit  operation 

During  the  shakedown  of  the  pulser,  it  was  found  that  the 
safety  sensing  circuit  was  sensing  the  thyristor  device  current  too 
soon  after  the  device  was  fired.  This  mistiming  occurred  because  of 
the  unanticipated  delay,  by  the  designer  of  the  control  logic,  of  the 
laser  output  pulse  (^200  to  250  ysec)  after  the  master  control  logic 
trigger  input  to  the  laser  was  activated.  This  delay  can  be  and  was 
adjusted  within  the  logic  circuits  (refer  to  Appendix  IV).  If  the 
safety  circuit  is  modified  as  suggested  in  paragraph  (b)  above,  this 
timing  must  be  checked. 

3.5  Experimental  Results . 

3.5.1  Introduction . 

This  section  describes  the  pertinent  results  of  the  test 
program  in  detail.  In  general,  the  major  problems  encountered  during 
the  test  program  are  discussed  in  the  preceeding  section.  Major 
differences  in  approaches  or  results  are  discussed  in  detail  below 
ignoring  the  small,  nuisance  problems  that  plague  any  extensive 
experimental  work. 

It  should  be  pointed  out  that  the  purpose  of  the  experimental 
testing  was  twofold:  (1)  the  development  of  empirical  values  of 
parameters  for  the  analytic  computer  program;  and  (2)  confirmation 
of  the  validity  of  the  predictions  of  the  computer  program.  These 
objectives  were  achieved.  Empirical  values  required  by  the  computer 
program  were  determined  and  used  in  the  program  to  predict  performance 
under  different  conditions.  These  results  are  contained  in  the 
papers  by  Davis  and  by  Davis  and  Roberts  in  Appendix  V  and  will  not 
be  repeated  in  this  section. 
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All  tests,  unless  specifically  identified  otherwise,  were 
conducted  using  the  active  element  or  fusion  of  the  thyristor.  This 
active  element,  or  device  as  it  is  often  referred  to  herein,  consists 
of  the  diffused  silicon  slice  (23  or  50  mm  in  diameter  and  1/4  to  1/2 
mm  thick)  metallurgically  bonded  on  one  side  to  a  molybdenum  plate 
(1  to  1.5  mm  thick  and  diameter  equal  to  that  of  the  silicon  slice) 
for  structural  strength,  and  metallized  on  the  other  side  with  about 
6.0  pm  thick  of  evaporated  and  sintered  aluminum  into  which  the  various 
windows  or  ports  are  etched.  This  small  element,  about  5%  of  the  total 
volume  of  the  conventional  packaged  thyristor,  does  all  of  the  work. 

The  remainder  of  the  volume  consumed  by  the  package  makes  electrical 
contact,  removes  heat,  and  otherwise  protects  the  active  element  or 
device  by  providing  a  hermetic  seal  between  it  and  the  outside  world. 
These  functions  are  not  required  during  a  parametric  study;  and,  in 
fact,  interfere  with  the  orderly  process  of  generating  good  data. 
Therefore,  research  and  development  testing  is  performed  whenever 
possible  using  only  the  active  element. 

3.5.2  Plasma  Spreading  Velocity  Measurements  Using  Infrared  Recom¬ 
bination  Radiation. 

The  purpose  of  these  experiments  was  to  determine  how  the 


conducting  area  of  a  thyristor  changes  with  time  during  the  tum-on 
transient.  From  these  data,  one  can  infer  both  the  change  in  current 
density  with  time  and  the  velocity  of  the  plasma  front  as  a  function 
of  current  density.  By  coupling  this  information  with  other  obser1- 
vables  such  as  forward  voltage  drop  versus  time,  etc.,  a  check  can 
be.  accomplished  on  the  accuracy  of  the  analytic  computer  model. 

The  computer  model  can  then  be  used  with  confidence  to  predict  thyristor 
behavior  under  various  operating  conditions.  The  test  circuits  and 
techniques  are  described  in  Section  3.3. 

3. 5. 2.1  Observations  at  low  dl/dt  and  low  J.  The  laser 
was  set  up  in  the  infrared  plasma  spreading  laboratory  with  the 
crossed  glan  prisms  attenuator  and  beam  directing  prism.  In  order 
to  obtain  data  for  correlation  to  the  model,  it  is  desirable  to 


observe  the  turn-on  spread  as  soon  after  the  laser  fires  as  is  possible. 
Opening  of  the  shutter  before  the  laser  pulse  is  over  saturated  the 
image  converter  tube.  It  was  found  that  there  was  too  much  jitter 
between  the  laser  firing  and  the  image  converter  tube  shutter  firing 
when  running  the  system  slaved  to  the  anode  pulse  power  supply.  This 
problem  was  corrected  by  slaving  the  image  converter  tube  shutter 
pulse  to  a  photodiode  pick-up  of  the  laser  pulse.  The  earliest  obser¬ 
vation  that  could  be  made  after  the  laser  fired  (t  )  was  t  =0.75  usee 
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which  was  the  delay  time  from  the  photodiode  output  through  the  pulse 
generator  to  the  shutter  voltage  power  supply.  The  photodiode  in  the 
laser  power  monitor  circuit  was  not  used  for  this  purpose  as  it  was 
found  to  be  too  noisy.  The  thyristor  under  test  was  fired  with  the 
laser;  a  100  psec  square  wave  current  pulse  of  approximately  600  A  was 
supplied  by  the  standard  pulse  power  supply  for  the  infrared  plasma 
spreading  equipment.  The  dl/dt  of  this  current  source  is  less  than 
lOOA/psec. 

Seven  different  cathode  structures  were  examined  with  the 
laser  and  infrared  plasma  spreading  apparatus  to  determine  if  there 
were  any  obvious  advantages  to  any  of  them.  The  structures  examined 
were  the  H,  J,  K,  and  R  designs  described  in  Section  3.2,  the  conven¬ 
tional  amplifying  gate  structure,  the  inside-outside  gate  structure, 
and  the  snowflake  gate  structure.  The  latter  three  are  commercially 
available  structures,  and  demonstrated  the  normal  spreading  pattern 
observed  in  electrical  gating.  Figure  3.5-1  is  a  photo  of  the  cathode 
side  electrodes  of  these  devices. 

In  the  early  testing,  the  J  and  R  types  of  cathode  design 
exhibited  a  much  faster  spread  of  the  turned  on  area  as  a  function  of 
time  (5  to  10  times  as  fast  as  an  H  design,  for  example). 

Figures  3.5-2  through  3.5-5  are  a  series  of  photographs 
showing  the  spread  of  the  "on"  region  with  time.  (Lighted  observation 
holes  indicate  that  a  region  is  "on.")  Figure  3.5-2  shows  the  "on" 
region  of  an  H  design  device  at  2,  10,  and  40  psec.  (The  shutter 
time  is  about  0.75  psec.)  The  device  was  found  to  completely  turn  on 
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Figure  3.5-1.  Cathode  view  of  the  structures  examined  for 
plasma  spreading  velocity. 


<  4  .  t  =  2  psec 

t  =  10  ysec 

yy  $  :'THHBh2o  t  =  4o  usee 

Fi^re  3.5-2.  Infrared  recombination  radiation  emission  after 
NdJ  :  YAG  laser  turn-on  of  H-type  emitter  with  600  A; 

pulse  width  -  100  psec;  shutter  pulse  width  -  2  psec;  laser 
repetition  rate  =  50  pps. 
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50  usee  after  the  laser  is  fired.  The  spread  is  relatively  slow  in 
this  design  but  the  spread  is  highly  uniform.  Figure  3.5-3  shows  the 
on  region  at  5,  10,  and  40  ysec  of  a  K  design  device.  This  device  is 
not  on  until  about  100  ysec  have  elapsed.  Again,  the  spread  is  uniform. 
Figure  3.5-4  shows  the  on  region  at  5,  8,  and  10  ysec  of  a  J  design 
device.  Here  it  was  found  that  the  entire  device  was  on  in  10  ysec. 
Figure  3.5-5  shows  the  on  region  at  2,  4,  and  5  ysec  of  an  R  design 
device.  Here  the  entire  device  is  on  in  5  ysec.  This  difference  in 
tum-on  spreading  indicates  that  the  emitter  design  is  extremely 
important  in  light  fired  turn-on. 

It  was  observed  that  a  reduction  in  laser  energy  by  an  order 
of  magnitude  (to  1.6  mJ)  resulted  in  a  large  reduction  in  the  spread 
of  the  turned  on  area  as  a  function  of  time  in  the  direction  perpen¬ 
dicular  to  the  plane  formed  by  the  laser  beam  and  the  normal  to  the 
silicon  surface.  Further  work  showed  that  if  the  laser  beam  were 
carefully  apertured  so  that  neither  light  scattered  from  the  attenuator 
prism  nor  light  straight  from  the  flashlamp  were  incident  on  the  infra¬ 
red  observation  windows  of  the  thyristor,  the  spreading  velocity 
appeared  to  be  the  same  for  the  J  and  R  design  as  it  was  for  the  other 
designs.  It  appears  that  laser  light  entering  through  the  observation 
windows  was  causing  the  device  to  exhibit  an  unrealistically  fast 
plasma  spreading  velocity. 

This  observation  suggested  that  a  "bias  illumination"  could 
contribute  to  the  spreading  velocity.  That  is,  if  regions  remote  from 
the  laser  pulse  optical  entry  port  were  illuminated  with  some  level  of 
light  insufficient  to  turn  on  the  device  but  sufficient  to  generate  a 
significant  number  of  excess  carriers,  spreading  velocity  might  be 
enhanced.  An  attempt  to  accomplish  this  end  was  made  on  a  device  in 
the  PFN  test  circuit  system.  It  was  found  here  again  that  laser  light 
entering  through  observation  apertures  caused  a  decrease  in  the  time 
required  for  a  region  to  be  turned  on.  If  light  from  a  flashlight  or 
an  incandescent  lamp  were  shone  onto  the  region  while  the  laser  light 
was  apertured  so  that  it  could  not  reach  the  observation  ports,  the 
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t  =  5  usee 


t  =  10  ysec 


t  =  40  usee 


Figure  3.5-3.  Infrared  recombination  radiation  emission  after 
Nd  :  YAG  laser  turn-on  of  K-type  emitter.  I  ,  =  600  A; 

pulse  width  =  100  usee;  shutter  pulse  width  -  Zpsec;  laser 
repetition  rate  =  50  pps. 


5  usee 


t  =  8  usee 


t  =  10  usee 


Fij^ire  3.5-4.  Infrared  recombination  radiation  emission  after 
Nd  :  YAG  laser  turn-on  of  J-type  emitter  with  I  =  600  A 

pulse  width  -  100  usee;  shutter  pulse  width  -  0.75  usee; 
laser  repetition  rate  =  50  pps. 
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Fij^ire  3.5-5.  Infrared  recombination  radiation  emission  after 
Nd  :  YAG  laser  turn-on  of  R-type  emitter  with  IAnode  =  600  A 
pulse  width  -  100  psec;  shutter  pulse  width  =1.5  psec;  laser 
repetition  rate  =  40  pps. 


spreading  velocity  was  not  enhanced. 

That  an  incandescent  lamp  has  negligible  effect  is  not 
surprising.  Sensitizing  of  the  silicon  should  occur  by  creating  carriers 
some  depth  into  the  structure,  and  this  required  light  with  a  wave¬ 
length  from  about  1,0  pm  to  1.1  pm.  Only  a  very  tiny  portion  of  the 
light  emitted  from  an  incandescent  lamp  has  this  wavelength,  and 
therefore  there  was  not  a  sufficient  number  of  carriers  generated  to 
be  noticable.  Unfortunately  a  second  source  of  intense  light  of 
about  1.06  pm  wavelength  was  not  available  to  further  investigate 
this  phenomenon. 

Two  questions  came  to  mind.  First,  why  is  the  spreading 
enhanced  rather  than  the  device  being  turned  on  at  all  of  the  obser¬ 
vation  ports?  Second,  why  is  the  effect  seen  primarily  in  the  J  and 
R  type  of  structure? 

The  answer  to  the  first  question  can  be  argued  as  follows. 

The  laser  beam,  in  general,  was  about  0.5  cm  in  diameter  and  has  a 
higher  intensity  at  the  center  than  at  the  periphery  and,  in  fact, 
in  the  image  converter  tube  experiments  the  laser  was  run  in  the 
TEM00  mode  so  that  the  light  distribution  is  Gaussian  about  the 
axis  of  the  beam.  The  central,  intense,  region  of  the  beam  activated 
a  region  about  0.5  cm  diameter  on  Hadron  footprint  paper,  and  pre¬ 
sumably  was  of  appreciable  intensity  at  even  larger  diameters.  Thus 
regions  away  from  the  axis  of  the  beam,  although  triggered,  would 
still  turn-on  more  slowly  than  regions  near  the  center  where  the 
device  is  light  fired.  (See  Section  2  on  light  fired  versus  triggered.) 
This  effect  would  give  the  appearance  of  a  faster  spreading  velocity. 

The  second  question  is  not  answered  as  convincingly.  The 
K-type  structure  is  an  amplifying  gate  design.  As  such,  when  very 
strongly  fired  as  with  the  lAser,  the  amplifying  structure  introduces 
an  impedance  in  the  cathode  circuit  during  the  early  stage  of  turn-on, 
and  therefore  can  slow  the  initial  turn-on  of  the  cathode  near  the 
central  region.  However,  this  effect  should  disappear  after  a  few 
psec,  and  the  entire  device  should  be  on  in  about  60  psec.  The  H-type 
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device  turns  on  at  about  the  speed  expected  by  electrical  gating — 
why  neither  the  H  nor  K  types  tum-on  faster  from  light  entering  the 
infrared  observation  windows  is  not  understood.  The  R-type  design 
has  a  narrower  N-base  width  than  do  the  H  or  J  units  which  were  made 
in  one  process  run  and  therefore  have  identical  base  widths.  It  is 
known  from  previous  plasma  spreading  experiments  that  a  narrower 
N-base  tends  to  enhance  plasma  spreading  velocity. 

Spreading  velocity,  in  general,  should  not  be  any  faster  in 
a  light  fired  device  than  in  the  same  electrically  fired  device  struc¬ 
ture  if  there  are  no  light  scattering  effects  present.  This  should 
be  obvious  since  within  less  than  1  usee  after  firing  a  device  cannot 
"know"  whether  it  was  initially  turned  on  by  a  laser  light  pulse 
(typically  <15  nanoseconds  in  duration)  or  an  electrical  trigger 
because  all  transient  effects  of  the  light  pulse  per  se  are  over. 

After  a  microsecond  or  two  in  either  the  light  fired  or  electrically 
gated  case,  the  thyristor  has  a  small  area  of  conducting  plasma  that 
will  spread  at  a  rate  dependant  upon  the  internal  structure  of  the 
thyristor,  the  electrical  properties  of  silicon,  and  the  current  density. 

3. 5. 2. 2  Observations  at  high  dl/dt  and  high  J.  These  exper¬ 
iments  incorporate  the  use  of  the  high  current  high  dl/dt  pulse  forming 
networks  (which  can  be  paralleled  to  40)  and  the  use  of  a  fiber  optics 
cable  and  photomultiplier  tube  to  observe  the  infrared  recombination 
radiation  emission  from  the  silicon  device  in  order  to  measure  spreading 
velocity  for  use  in  the  analytical  model.  The  experimental  set-up 
is  described  in  detail  in  Section  3.3.  Observations  with  the  infrared 
imaging  equipment  were  not  made  using  the  high  power  pulse-forming  net¬ 
works  because  it  was  impractical  to  focus  through  the  tiny  observation 
holes  in  the  massive  pressure  electrode  required  for  the  high  levels  of 
current  conducted. 

Thyristor  elements  were  tested  at  various  levels  of  voltage 
and  current.  Several  electrodes  and  infrared  observation  port  config¬ 
urations  were  used  in  the  tests  depending  on  the  type  of  device  being 
tested.  The  laser  was  fired  directly  into  the  device  in  some  tests. 
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while  in  others  the  laser  was  fired  into  a  fiber  optics  cable  and 
the  opposite  end  (or  ends  in  the  multifurcated  types)  of  the  fiber 
optics  cable  was  placed  in  intimate  contact  with  the  optical  window 
(or  windows)  in  the  silicon.  It  will  be  restated  here  that  two  types 
of  windows  were  used  in  testing  a  device.  One  was  the  window  or  port 
used  for  introducing  laser  light  into  the  silicon  for  the  purpose  of 
firing  the  device.  The  other  was  the  window,  which  is  preferably  as 
small  as  possible,  used  to  permit  infrared  recombination  radiation  to 
escape  through  the  cathode  surface  in  order  to  observe  the  plasma 
spreading  (forward  current  conduction  area)  in  the  device  with  time. 

Successful  observations  were  made  on  devices  23  mm  in  diameter 
with  various  contact-window  configurations.  Although  attempts  were 
made  to  obtain  similar  data  on  50  mm  diameter  devices  at  very  high 
current  levels,  these  attempts  were  unsuccessful  as  will  be  explained 
later. 

The  initial  experiments  were  performed  using  radial  slots 
etched  in  the  cathode  metallization  of  the  thyristor  device  as  shown 
in  Figure  3.5-6.  This  slot  configuration  was  chosen  to  ease  the  align¬ 
ment  of  the  observation  holes  in  the  pressure  electrode  (refer  to 
Figure  3.3-18)  with  the  observation  windows  in  the  device  metallization. 
However,  this  configuration  had  a  serious  problem  with  device  failure 
and  an  improved  design  was  fabricated  using  an  overall  pattern  of  0.127 
mm  diameter  observation  holes  in  the  cathode  metallization  as  described 
in  Section  3. 3. 2. 2.  The  pattern  of  observation  holes  can  be  seen 
clearly  in  Figure  3.5-7.  Using  this  method  data  were  obtained  on 
23  mm  diameter  devices  fired  at  7500  amperes  peak  current.  Figure 
3.5-8  is  a  plot  of  the  data.  The  relationship  between  spreading 
velocity  and  current  density  appears  to  be  of  the  form 


A  straight  line  fit  to  the  log- log  plot  in  Figure  3.5-8  gives 
Bq  =  9.84  X  10“3  ym-cm^/psec-A  and  C0  =  1.1.  Yamasaki  obtained  an 
equivalent  C0  of  0.37  corresponding  to  a  much  slower  increase  in 
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Figure  3.5-6.  Twenty-three  mm  diameter  thyristor  element 
with  slots  as  infrared  observation  windows. 
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Figure  3.5-7.  Twenty-three  mm  diameter  LASS  devices  showing 
the  overall  pattern  of  0.0127  mm  diameter  observation  windows 
in  the  cathode  metallization. 
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Figure  3.5-8.  Plasma  spreading  velocity  (v  )  versus  current 
density  (J) .  Peak  current  7500  A. 


These  constants 


vg  as  J  is  increased;  he  did  not  report  a  value  for  BQ. 
were  used  in  the  computer  model  data  correlation  discussed  in  Section  2.2. 

This  relationship  of  the  plasma  spreading  velocity  to  the 
current  density  is  of  considerable  importance  to  the  designer  of  devices 
that  are  to  operate  at  very  high  current  densities  for  long  (several 
microseconds)  pulses.  It  means  that  considerably  more  area  of  a  device 
will  be  turned-on  than  would  be  indicated  from  Yamasaki's  data  at  lower 
current  density  values.  This  in  turn  means  that  smaller  or  fewer 
illumination  ports,  or  less  light,  or  a  lower  conducting  loss  can  be 
traded  to  achieve  a  near  optimum  design  for  a  given  application. 

There  are  several  sources  of  error  in  these  measurements. 

First,  it  has  been  observed  and  reported  for  earlier,  low  dl/dt, 
low  current  infrared  plasma  spreading  studies  that  the  central  trig¬ 
gering  region  radiates  infrared  "for  a 'short  time  during  turn-on 
indicating  that  a  plasma  is  present  and  that  this  region  is  conducting 
immediately  after  conduction  is  initiated.  The  infrared  from  this 
region  is  subsequently  observed  to  extinguish  indicating  that  this 
area  is  no  longer  conducting,  or  is  conducting  at  a  very  low  current 
density.  Consequently,  the  assumed  area  of  conduction  from  which  the 
current  density  (J)  is  derived  is  only  approximate.  This  is  the  most 
significant  source  of  error.  Second,  the  initially  turned  on  area  is 
not  confined  to  the  window  area  as  some  scattering  takes  place.  This 
is  now  known  to  be  so  small  as  to  approach  insignificance  during  the 
initial  turn-on,  but  may  provide  a  biasing  effect  to  increase  the 
plasma  spreading  velocity,  which  would  be  important  in  pulses  longer 
than  one  microsecond.  Third,  the  "on"  region  does  not  necessarily 
spread  in  a  uniform  manner  and  since  observations  are  being  made  at 
discrete  points,  the  actual  conduction  area  could  be  in  error  from  the 
inferred  circular  or  linear  (depending  upon  the  shape  of  the  illum¬ 
ination  port)  geometry.  More  observation  ports  would  clarify  this 
point,  but  at  a  sacrifice  in  contact  electrode  area  which  is  signi¬ 
ficant  at  the  high  current  densities  found  here. 

Spreading  velocity  data  were  not  obtained  at  the  very  high 
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values  of  anode  current  achieved  when  50  mm  diameter  devices  were  fired 
at  1700  V  at  dl/dt  values  in  excess  of  40,000  A/psec.  The  reason  for 
this  was  that  considerably  more  device  area  was  illuminated  when  the  large 
devices  were  fired  so  that  the  peak  current  densities  in  the  50  mm 
diameter  devices  were  comparable  to  those  of  the  23  mm  diameter  devices. 
There  was  also  the  experimental  problem  of  the  heavy  gold  plating, 
which  was  necessary  to  obtain  adequate  electrical  contact  (see  Section 
3. 4. 3.1)  between  the  device  cathode  and  the  associated  pressure  plate, 
closing  the  observation  holes  in  the  metal  contact.  It  did  not  seem  to 
be  worth  the  cost  of  overcoming  this  problem  when  no  improvement  in 
understanding  of  the  device  physics  was  expected. 

3.5.3  Electrical  Measurements. 

This  section  reports  all  of  the  electrical  measurements 
performed  under  contract  except  those  required  for  equipment  check¬ 
out  (Secfrion  3.3)  and  plasma  spreading  velocity  (Section  3.5.2).  ... 

A  preliminary  test  was  performed  with  a  LASS  mounted  in  a 
coaxial  capacitor  power  supply  and  fired  with  the  laser  because  the 
40  PFN  pulser  was  not  yet  available.  The  experiment  was  performed 
using  a  J-type  device  (see  Section  3.2  for  a  description  of  the 
device) ,  and  provided  interesting  data  on  the  reverse  blocking  capa¬ 
bility  of  this  LASS  device  immediately  after  it  had  sustained  a 
high  dl/dt  and  high  current  density  pulse. 

The  discharge  of  a  coaxial  capacitor  through  a  bilateral 
switch  gives  rise  to  a  sinusoidal  waveform,  the  system  merely  being 
a  series  LCR  circuit.  Figure  3.5-9  is  a  comparison  of  a  LASS  firing 
in  the  circuit  at  a  repetition  rate  of  2  pps  to  that  of  a  "hammer 
switch"  single  discharge  of  the  circuit.  In  both  cases  the  capacitor 
was  charged  to  500  volts.  This  test  provided  some  measure  of  the 
uniformity  of  turn-on  since  the  voltage  reverses  acress  the  switch 
when  the  current  passes  through  zero.  The  dynamic  voltage  was  not 
measured  since  Kelvin  probes  were  not  incorporated  into  the  system. 

_9 

An  analysis  of  the  "hammer  switch"  waveform  shows  that  L  =  25  X  10  h, 

C  »  1  pf  and  R  =  0.047  0  (L  and  R  will  depend  on  the  switch  but 
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Hammer  Switch' 


coaxial  capacitor 


capacitor  =  500  volts 
Vertical  =  1000  A/cm 


Horizontal  =  0.20  usec/cm 


Laser  Light  Activated  Thyristor 
closing  on  1.0  uf  coaxial  capacitor 
V 

capacitor  =  500  volts 
Vertical  =  1000  A/cm 
Horizontal  =  0.20  psec/cm 
Repetition  Rate  =  2  pps 


Figure  3.5-9.  Comparison  of  mechanical  "hammer  switch"  to  laser 
light  activated  thyristor  in  coaxial  capacitor  circuit. 
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should  not  vary  greatly).  Then  the  reverse  voltage  appearing  across 
the  device  immediately  after  the  device  has  been  in  heavy  forward 
conduction  is  approximately  750  volts  (V£  and  Ldl/dt).  Conventionally 
fired  thyristors  will  be  destroyed  under  these  test  conditions. 

The  peak  current  in  the  figure  was  about  2400  A  and  the 

device  supported  (blocked)  reverse  voltage  about  200  nsec  after  passing 

through  current  zero.  Also  note  that  the  dl/dt  for  the  LASS  is 

actually  greater  than  that  of  the  hammer  switch.  The  device  was 

operated  as  high  as  800  volts  on  the  capacitor  at  a  dl/dt  of 

25,000  A/ysec  at  a  repetition  rate  of  2  pps.  Considering  the  small 

2 

area  illuminated  (<  0.1  cm  ),  this  was  an  impressive  performance. 

3. 5. 3.1  Tests  on  23  mm  diameter  devices. 

3. 5. 3. 1.1  Light  scattering  experiments.  A  brief  experi¬ 
ment  was  performed  early  in  the  program  to  qualitatively  determine 
the  extent  of  spreading  of  the  laser  beam  inside  the  silicon.  The 
laser  beam  was  directed  onto  a  device  which  had  not  been  alloyed  to 
a  molybdenum  anode  contact.  The  beam  entry  angle  was  approximately 
75°  off  normal  on  the  cathode  side  of  the  chip.  The  infrared  image 
converter  tube  was  focussed  on  the  back  (anode)  of  the  chip  and  the 
emerging  pattern  observed.  The  size  of  the  emerging  pattern  was  com¬ 
pared  to  that  of  the  impinging  pattern.  Comparison  in  this  manner  is 
qualitative  for  two  reasons.  First,  a  photosensitive  paper  was  used 
to  measure  the  incident  beam  size.  The  sensitivity  is  not  necessarily 
the  same  as  that  of  the  image  converter  tube.  Second,  the  emerging 
pattern  will  have  a  size  dependent  on  how  well  the  image  converter 
tube  is  focussed  on  the  back  of  the  slice.  The  pattern  size  was 
minimized  consistent  with  focus  and  appeared  to  be  nearly  10  times 
the  size  of  the  incident  pattern.  This  seems  to  be  an  unreasonably 
large  increase  so  a  second  experiment  was  performed  with  improved 
accuracy  and  with  special  attention  to  the  sensitivity  of  the  light 
detecting  media.  For  if  the  laser  beam  does  in  fact  spread  out  con¬ 
siderably  as  it  passes  through  the  silicon,  it  would  have  important 
implications  for  device  operation.  The  optical  spreading  could  be 
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used  to  advantage  to  cause  carriers  to  be  generated  under  metal  contacts, 
giving  a  low  resistance,  low  loss  path  for  flow  of  the  switched  current. 
In  addition,  the  correct  optical  path  should  be  incorporated  into  the 
computer  modelling  effort  to  accurately  reflect  the  true  nature  of 
device  operation.  Possible  sources  of  beam  spreading  Include  scattering 
at  the  incident  surface,  scattering  from  internal  structures,  and 
reflection  from  internal  surfaces.  This  experiment  shows  there  is 
very  little  scattering,  whether  from  the  surface  or  internal  structure, 
while  multiple  reflections  can  be  observed  if  the  laser  beam  is  incident 
at  an  angle  to  the  wafer.  The  laser  light  distribution  inside  the 
wafer  can  be  accurately  computed  by  geometrical  optics, 
a.  Experimental  procedure.  In  order  to  look  for  beam  spreading, 
several  silicon  wafers  were  prepared  with  metal  masks  on  one  surface. 
Photographs  <jf  the. mask  define  the.  reference,  dimension..  This. dimension  . 
is  checked,  and  system  operation  confirmed,  by  photographing  laser 
light  emerging  from  the  aperture  in  the  mask.  The  sample  is  then 
placed  with  the  laser  light  incident  on  the  masked  surface,  and 
photographs  made  of  the  light  emerging  from  the  unmasked  surface. 

Beam  spreading  from  any  source  will  cause  this  image  to  be  larger 
than  the  reference  dimension.  With  careful  measurements  of  image 
sizes,  a  semi-quantitative  limit  of  beam  spreading  can  be  stated. 

Several  silicon  samples  were  prepared  with  evaporated  aluminum 
masks  deposited  on  one  surface.  The  masked  surface  was  either 
lapped  or  polished,  while  the  other  surface  was  lapped  only.  The 
metal  mask  defines  a  sharp  edged  aperture,  in  this  case  a  stripe 
about  625  urn  wide.  The  sample  is  placed  in  the  laser  beam  path  as 
shown  in  Figure  3.5-10.  The  lens  is  positioned  to  form  an  image  of  the 
rear  face  of  the  sample  on  the  infrared  image  converter  tube.  Initial 
focusing  is  done  with  illumination  from  a  lamp  shining  upon  the  rear 
surface,  and  checked  by  looking  for  sharp  surface  detail  in  the 
transmitted  laser  light.  A  camera  is  placed  on  the  optical  axis  to 
photograph  the  image  on  the  converter  tube.  With  the  sample  carefully 
aligned  perpendicular  to  the  optical  axis,  sharp  focus  can  be  main- 
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Figure  3.5-10.  Experimental  setup  for  studying  beam  spreading 
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tained  across  the  image  plane,  subject  to  the  inevitable  distortion 
caused  by  the  image  converter. 

In  order  to  obtain  accurate  size  comparisons,  precautions  must 
be  taken  against  changes  in  apparent  image  size  caused  by  illumination 
level.  Image  converter  tubes  are  generally  susceptible  to  image 
blooming,  that  is,  enlargement  of  the  image  size  if  the  incident  opti¬ 
cal  intensity  saturates  the  converter.  This  possibility  was  avoided 
by  taking  photographs  at  several  laser  intensities.  In  this  experiment, 
the  image  sizes  were  independent  of  laser  illumination  level.  Apparent 
image  size  also  depends  on  the  film  exposure.  In  fast  Polaroid  film 
needed  to  photograph  the  relatively  dim  image  in  the  infrared  converter, 
the  film  latitude  is  very  limited.  Unless  the  image  intensity  is  very 
uniform,  the  apparent  size  will  depend  on  exposure  time.  For  each 
measurement,  several  exposures  were  taken  to  ensure  against  this 
problem.  The  underexposed  photo  showed  very  sharp  images,  proving 
that  there  was  no  fogging  due  to  scattered  light  and  no  blooming  of 
the  image  on  the  converter  tube.  At  higher  exposures,  enlargement  of 
the  image  is  seen  in  certain  cases  explained  below,  as  relatively  dim 
portions  of  the  image  begin  to  register  on  the  film. 

b.  Results  Figure  3.5-11  shows  a  series  of  photographs  taken  with  the 
laser  beam  at  normal  incidence  to  the  sample  surface.  The  lapped 
surface  with  the  metal  mask  is  shown  under  illumination  from  the 
microscope  lamp  in  Figure  3.5-lla.  The  sharp  detail  of  surface  asper¬ 
ities  shows  that  the  image  is  well  focused  in  the  center  of  the  field 
of  view,  but  becomes  blurred  and  distorted  by  the  image  converter  at 
the  edges  of  the  field.  All  measurements  of  image  size  are  made  in 
the  center  of  the  field  of  view.  In  Figure  3.5-llb,  the  sample  is  in 
the  same  position,  with  the  mask  surface  facing  the  camera,  with 
illumination  provided  from  the  back  side  by  the  laser.  This  image  is 
overexposed  deliberately  to  show  there  is  no  image  spreading.  For 
Figure  3.5-llc,  the  sample  was  flipped  over  so  that  the  masked  surface 
faced  the  laser.  Without  any  adjustment  of  the  optical  system,  the 
focus  of  the  unmasked  surface  was  sharp,  .implying  that  the  magnification 
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Figure  3.5-11.  Images  from  sample  1,  with  laser  beam  at  normal 
incidence,  a)  Mask  aperture  illuminated  by  lamp.  Masked  face 
is  lapped,  b)  Laser  light  emerging  from  mask  aperture,  c)  Laser 
light  emerging  from  rear  face. 


for  Figure  3.5-llc  was  exactly  the  same  as  that  for  3.5-lla  and 

3.5- llb. 

The  image  sizes  were  measured  directly  from  the  photographs 
using  vernier  calipers.  The  reference  dimension,  taken  from  Figures 

3.5- lla  and  3.5-llb,  is  0.495  inches.  The  image  size  on  Figure  3.5-llc 
was  0.505.  Both  Figures  3.5-llb  and  3.5-llc  are  examples  from  a  series 
of  photos  taken  with  different  exposure  times.  In  each  series,  the 
image  size  was  independent  of  exposure  time. 

Since  the  measurement  precision  is  only  about  10  mils  in 

determining  the  size  of  the  image,  it  can  be  said  that  the  beam  spreading 

is  barely  observable  in  this  sample.  Some  estimate  on  the  upper  limits 

of  spreading  can  be  obtained  from  the  sample  dimensions  as  shown  in 

Figure  3.5-12.  The  mask  aperture  was  625  pm,  the  beam  spreading  was 

two  percent  or  less,  giving  about  6  pm  displacement  of  the  edges  of 

•  •  •  •  * 

the  image.  The  sample  was  330  pm  thick,  giving  a  scattering  angle  6 
of  one  degree  or  less.  This  shows  that  the  total  amount  of  scattering, 
even  in  a  sample  with  a  lapped  surface,  is  small. 

Another  series  of  photographs  was  made  with  the  laser  beam 
striking  the  surface  of  another  sample  at  about  60°  angle  of  incidence 
measured  from  the  normal  to  the  surface.  This  second  silicon  sample 
had  a  polished  surface  on  which  the  aluminum  mask  was  formed,  and  a 
lapped  surface  on  the  back.  The  reference  photo  of  light  emerging 
from  the  mask  aperture  is  shown  in  Figure  3.5-13a.  Although  the  photo 
is  deliberately  overexposed,  the  image  remains  sharp  with  no  trace  of 
image  blooming.  The  image  width  measured  with  vernier  calipers  is 
0.495  inches.  Figure  3.5-13b  shows  a  view  of  the  light  emerging  from 
the  back  surface  of  the  sample.  At  this  moderate  exposure  level,  the 
image  width  is  0.495.  Figure  3.5-13c  differs  from  3.5-13b  only  in 
increased  exposure,  but  the  image  now  shows  a  ragged  edge  that  extends 
in  places  to  0.565  inches  wide.  The  extra  width  is  due  to  a  relatively 
weak  light  signal  on  the  right  side  of  the  image  which  is  too  dim  to 
register  on  the  film  at  the  reduced  exposure  of  Figure  3.5-13b.  The 
ragged  edge  is  caused  by  the  shadow  of  a  residue  inadvertantly  deposited 
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3.5-12.  Dimensions  of  mask  aperture  and  thickness  of 
1.  Very  little  spreading  of  beam  is  observed  as  it 
through  sample. 
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Figure  3.5-13.  Images  from  sample  2  with  laser  beam  incident 
60°  from  normal,  a)  Laser  light  emerging  from  mask  apertures 
b)  Laser  light  emerging  from  rear  face  c)  Same  view  as  b), 
but  longer  exposure 


in  the  mask  aperture  during  handling  the  sample. 

It  has  been  noted  above  that  the  image  width  does  not  change 
with  exposure  when  the  laser  is  at  normal  incidence  to  the  sample  (Fig¬ 
ure  3.5-llc).  The  increased  width  of  Figure  3.5-13c  can  be  explained 
by  multiple  reflections  inside  the  sample  as  shown  in  Figure  3.5-14. 

The  refraction  condition  at  the  surface  for  a  ray  incident  at  60°  onto 
silicon  of  index  3.5  gives  an  internal  angle  0  of  14.3°.  The  thickness 
of  Sample  2  was  240  pm,  giving  an  edge  displacement, b  ,  of  122  pm,  or 
about  20  percent  widening  of  the  image  width  of  the  625  pm  mask  aperture. 
The  image  spreading  observed  in  Figure  3.5-13  is  about  15  percent, 
which  is  adequate  agreement  with  model  considering  the  limitations  of 
this  technique.  Similar  results  have  also  been  obtained  on  a  sample 
with  a  lapped  masked  surface. 

c.  Conclusion.  Contrary  to  the  preliminary  results,  very  little 
scattering  takes  place  as  the  laser  beam  passes  through  the  silicon 
device  structure.  This  verifies  that  there  are  no  internal  structures 
which  might  cause  unforeseen  scattering.  This  also  indicates  that  the 
lapped  surface  does  not  cause  substantial  scattering.  Because  of  the 
non-linear  characteristics  of  the  film  used  to  record  the  images, 
complete  quantitative  data  was  not  obtained.  Judging  by  the  film 
images,  only  a  very  small  fraction  of  the  incident  light  is  lost 
through  scattering.  This  means  that  the  optical  path  of  laser  light 
in  the  device  can  be  adequately  described  by  a  simple  idealized  model 
and  ordinary  geometric  optics. 

Multiple  reflectionc-  are  observed  inside  the  silicon  wafer 
when  the  laser  beam  is  incident  at  an  angle  to  the  surface  of  the 
wafer.  The  ray  trajectories  of  the  reflected  light  can  be  predicted 
by  geometric  optics,  but  the  intensity  of  the  reflected  beam  cannot  be 
predicted  because  of  uncertainties  in  the  absorption  constant  of  the 
silicon  and  the  reflectivities  of  the  faces.  By  proper  device  design 
it  will  be  possible  to  utilize  internal  reflections  to  increase 
device  performance. 

Further  work  could  include  quantitative  measurements  of 
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a  -  displacement  of  image 

b  •  widening  of  image  by  multiple  reflections 
b  ■  2  t  tan  0 

Figure  3.5-14.  Dimensions  of  mask  aperture  and  thickness 
of  sample  2. 


light  distribution  by  substituting  a  mechanically  scanned  fiber- 
coupled  detector  for  the  image  converter  and  camera  of  the  present 
system.  With  reliable  quantitative  data  it  should  be  possible  to 
measure  the  material  absorption  length  and  the  reflectivities  of  the 
surfaces.  These  parameters  would  be  useful  for  optimizing  device 
design.  Using  masks  with  smaller  apertures  would  allow  more  accurate 
measurement  of  total  scattering,  and  it  would  be  interesting  to 
investigate  how  the  scattering  could  be  increased  by  modifying  surface 
texture. 

3. 5. 3. 1.2  Other  tests  on  23  mm  diameter  devices.  A  large 
portion  of  the  test  effort  was  performed  using  23  mm  diameter  devices. 
This  work  involved  both  circular  and  rectangular  illumination  ports  and 

both  the  low  dl/dt  and  high  dl/dt  test  circuits.  The  results  of  these 

.  •  < 

tests,  which  were  laigely  to  gather  plasma  spreading  velocity  data, 
are  given  in  Section  3.5.2. 

3. 5. 3. 2  Tests  on  50  mm  diameter  devices.  Infrared  obser¬ 
vations  of  recombination  radiation  plus  the  scattering  studies  have 
shown  that  only  the  initially  illuminated  area  plus  whatever  additional 
area  tums-on  as  a  result  of  plasma  spreading  during  the  current 
pulse  contribute  to  conduction.  Therefore  there  is  little  value  in 
firing  50  mm  diameter  devices  with  a  single  circular  window.  To 
demonstrate  the  feasibility  of  multiple  firing  points  in  a  single 
optically  triggered  thyristor,  six  "windows"  were  opened  in  the  metal 
contact  of  each  of  several  50  mm  diameter  silicon  thyristors.  These 
windows  were  illuminated  simultaneously  by  firing  the  laser  beam  pulse 
into  the  single  end  of  a  multifurcated  Tiber  optics  light  pipe  which 
branched  into  six  legs  of  equal  cross  section  (Figure  3.5-15),  each 
section  being  approximately  0.032  cm  .  The  fiber  optics  branches 

were  in  direct  contact  and  alignment  with  the  optical  windows  in  the 
silicon. 

Two  window  sizes  were  used.  The  first  size  had  an  area  of 

2 

0.13  cm  ,  i.e.,  considerably  larger  than  the  fiber  optics  cross  sec- 

2 

tion.  The  second  size  window  was  0.0013  cm  ,  i.e.,  considerably 
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Figure  3.5-15.  One-to-hexifurcated  fiber  optics  cable  used 
to  show  initial  feasibility  of  multiple  firing  points. 


smaller  than  the  fiber  optics  cross  section  (See  Figure  3.5-16).  The 
latter  case  proved  to  be  the  most  effective.  Catastrophic  failure 
resulted  after  a  short  time  in  the  large  window  configuration.  The 
pattern  of  the  fiber  optics  cable  metal  outer  case  "burned"  into  the 
silicon  surface  because  of  localized  conduction  through  the  light 
pipe  case  to  the  cathode  pole  piece.  (Figure  3.5-17.)  It  has  been 
found,  in  general,  that  any  time  the  optical  window  is  "shadowed" 
by  a  contact  to  the  cathode  pole  piece  (including  the  cathode  pole 
piece  itself),  conduction  of  the  locally  tumed-on  region  through 
the  high  contact  resistance  of  silicon  to  po]e  piece  results  in 
localized  melting  of  the  silicon  and  eventual  catastrophic  failure  of 
the  device. 

Using  the  smaller  optical  windows,  50  mm  diameter  devices 
were  tested  at  various  voltages.  These  voltages  were  425,  850,  and 
1275  volts.  The  currents  reached  in  40  ysec  PFN  pulses  were  2300, 
4600,  and  7000  amperes  respectively.  Performance,  although  far  from 
being  optimized,  was  impressive.  For  example,  in  the  1275-volt  case, 
overshoot  of  the  leading  edge  of  the  waveform  gave  rise  to  8000  A 
peak  currents  in  less  than  1  ysec.  The  dl/dt  was  measured,  under 
these  conditions,  to  be  about  13,000  A/ysec  (10%  to  90%  points  on  the 
leading  edge  of  the  "square,"  40  ysec  current  pulse). 

The  total  illuminated  area  was  only  0.008  cm^  of  silicon 
2 

(i.e.,  6  X  0.0013  cm  ).  The  illumination  of  each  of  the  six  bundles 
was  not  optimized  for  laser  light  uniformity;  however,  it  was  shown 
by  this  work  that  high  current  levels  and  high  dl/dt  can  be  achieved 
by  illuminating  a  multiplicity  of  small  distributed  windows. 

The  computer  program  model  predicted  that  a  thin  rectangular 
illumination  port  would  be  superior  to  a  circular  pattern.  This 
prediction  is  not  surprising  since  such  a  configuration  maximizes  the 
periphery  relative  to  the  total  illuminated  area.  To  obtain  a  prac¬ 
tical  maximum  value  of  periphery  on  available  50  mm  diameter  devices 
and  simultaneously  the  ability  to  vary  the  amount  of  illuminated  area 
(and  associated  periphery) ,  a  design  was  established  incorporating 
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igure  3.5-17.  Device  with  pattern  of  fiber  optics  cable  metal 
uter  case  burned  into  illumination  port.  (a)  View  of  over- 
11  device.  (b)  Enlargement  of  one  of  the  window  areas  showing 
he  molten  material. 


A 


eight  rectangular  ports  aligned  radially  about  the  center  of  the 
cathode  surface  similar  to  the  spokes  of  a  wheel.  The  modified 

2 

device  is  shown  in  Figure  3.5-18.  The  area  of  each  port  is  0.064  cm  . 
Special  electrodes  (Figure  3.3-18)  were  fabricated,  and  an  eight  leg 
multifurcated  fiber  optics  cable  (Figure  3.3-25)  with  rectangular  cross- 
sections  at  one  end  and  a  random  distribution  of  the  fibers  in  a  single 
disk  pattern  at  the  other  end  was  designed  and  fabricated.  This 
configuration  permitted  the  use  of  from  one  to  eight  light  inputs  to 
the  device  with  essentially  the  same  light  intensity  available  at  each 
rectangular  entrance  port.  A  measurement  of  the  transmission  of  the 
fiber  optics  cable  provided  the  following  data: 

measured  light  input  to  cable  -  80  mJ 

measured  light  output  -  each  leg  -  7-10  mJ 

The  indications  were  that  the  light  output  was  very  uniform  from  leg 
to  leg.  The  spread  in  values  of  the  output  indicates  the  estimated 
value — the  instrumentation  available  at  the  time  was  not  accurate  at 
levels  below  10  mJ.  Taking  the  lower  value,  7  mJ,  indicates  that  the 
transmission  efficiency  of  1/2  meter  long  cable,  including  coupling 
losses,  is  at  least  70X.  Recently  announced  improvements  in  materials 
for  fiber  optics  cables  should  increase  the  efficiency. 

Using  the  eight-port  50  mm  diameter  device  and  associated 
laser,  electrodes,  fiber  optics  cable,  and  the  specially  constructed 
pulse  forming  network,  the  current  waveform  of  Figure  3.5-19  was 
obtained.  This  shows  a  peak  current  of  24,000  A,  with  the  flat  region 
in  the  pulse  somewhat  above  19,000  A.  The  dl/dt  (2000  A  to  18,000  A) 
is  30,000  A/psec,  with  an  initial  dl/dt  greater  than  40,000  A/psec. 

These  data  showed  that  one  set  of  the  technical  goals  of  the  contract 
are  attainable. 

An  attempt  to  measure  the  initial  rate  of  voltage  decrease 
as  the  switch  turns  on  shows  that  the  LASS  is  "on"  in  about  20  nsec. 

The  trace  on  the  oscilloscope  film  was  extremely  faint,  and  attempts 
to  intensify  it  by  repeated  pulses  were  unseccessful  because  the 
jitter  in  the  system  is  of  the  same  order  of  magnitude  as  the  voltage 
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Figure  3.5-18.  Fifty  mm  diameter  semiconductor  switch  element 
showing  radial  pattern  of  rectangular  windows. 


Horizontal  scale  500  nsec/division 


Horizontal  scales  1  ysec  and  5  psec/division 


Figure  3.5-19.  Current  waveform  for  40  paralleled  pulse  forming 
networks,  1700  V,  5000  A/division,  device  G4,  50  mm  diameter 
with  eight  rectangular  ports  illuminated.  Repetition  rate 
about  1  pps. 
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fall  time.  However,  by  eye  the  faint  trace  can  be  followed  until  the 
voltage  starts  to  fall,  and  can  then  be  found  again  about  30  nsec  later 
during  the  fluctuations  of  the  voltage.  Traces  at  slower  sweep  rates 
are  brighter,  but  only  indicate  that  the  fall  time  is  less  than  100  nsec. 

3.3. 3.2.1  Voltage-current  data.  Voltage  current  data  were 
taken  extensively  on  50  mm  diameter  devices.  The  primary  purpose  of 
these  data  were  to  supply  parameter  values  to  the  analytic  computer 
program  and  to  verify  the  predictions  of  that  program.  The  data  were 
taken  with  the  first  inductor  removed  from  each  PFN  to  cause  overshoot 
of  the  current  waveform.  This  approach  increases  the  dl/dt  that  each 
device  must  withstand,  and  also  results  in  a  higher  initial  peak 
current.  Illumination  ports  were  opened  in  the  devices  as  shown  in 
Figure  3.5-18  and  as  dimensioned  in  Figure  3.5-20  which  also  shows  the 
port  dimensions  of  the  contact  electrode. 

Because  these  data  were  primarily  obtained  for  use  with  the 
analytic  computer  program,  no  additional  interpretation  will  be  done. 

A  reduction  of  some  of  the  data  is  presented  in  Tables  3.5-1  and 
3.5-2  to  ease  the  task  of  the  casual  reader;  the  serious  investigator 
will  want  to  refer  to  the  prints  of  the  oscillograms  presented  in 
the  various  figures  and  in  the  appendix. 

3. 5. 3. 2. 2  Effect  of  varying  the  light  input, 
a)  Effect  of  varying  the  area  illuminated. 

One  useful  piece  of  information  for  the  theoretical  model  is 

how  the  forward  voltage  drop  of  the  LASS  changes  with  current  density. 

By  using  the  octifurcated  fiber  optics  cable  and  removing  one  or  two 

branches  of  the  cable  at  a  time  from  the  device  electrode,  the  area 

illuminated  can  be  progressively  reduced  while  the  light  intensity 

2 

(J/cm  )  and  the  current  conducted  remain  constant.  Then  the  resulting 
forward  voltage  drop  can  be  determined  at  any  time  during  the  pulse 
as  a  function  of  the  current  density  if  proper  allowance  is  made  for 
plasma  spreading.  This  technique  is  described  in  Section  3.3.5. 

Figure  3.5-21  shows  traces  of  the  device  current  when  illum¬ 
inated  using  one  branch  and  two  branches  of  the  fiber  optics  cable. 


Dwg.  6414A74 


.094 


Device  Metallization  Port  Dimensions.  Area  of  Each 
Port  is  0.064  cm2.  All  Dimensions  in  cm. 


3.5-20.  Illumination  ports  in  50  mm  diameter  devices 


Table  3.5-1.  Voltage-Current  Data  for  50  mm  Diameter  Thyristor  2G4 
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First  values  for  V  and  I  are  at  6  psec 

First  values  for  V  and  I  are  at  6.5  psec 

First  values  for  V  and  I  are  at  7  psec 


Table  3.5-2.  Voltage-Current  Data  for  50  mm  Diameter  Thyristor  2G6 
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Figure  3.5-21.  Multiple  exposure  current  waveform  using  one 
and  two  branches  of  the  fiber  optics  cable.  Ignore  the  upper¬ 
most  and  lowermost  traces.  The  lower  of  the  two  central  traces 
shows  the  current  for  the  case  of  the  single  branch.  Current 
zero  is  at  the  bottom  line  of  the  graticule.  Scale  is  1000 
A/ cm  vertical,  5  psec/cm  horizontal.  Device  was  50  mm  diameter, 
#  1.  Conditions  were  20  PFN's  charged  to  850  V.  Light  output 
level  believed  to  be  7-10  mJ/branch. 
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The  current  is  about  10%  below  the  expected  value  when  only  one  branch 
is  used,  indicating  that  the  device  is  introducing  appreciable  impedance 
into  the  circuit.  But  when  two  branches  are  used,  the  current  level 
(4800  A  at  20  psec)  is  essentially  that  obtained  in  other  tests  with 
all  eight  branches  u3ed.  It  was  concluded  that  useful  data  could  be 
obtained  using  two  or  more  branches. 

The  original  data  are  shown  in  Figure  3.5-22  and  a  reduction 
of  these  data  is  contained  in  Table  3.5-3  and  Figure  3.5-23.  A  check 
experiment  was  performed  to  determine  if  non-uniformities  in  the  LASS 
might  be  a  significant  factor  in  the  previous  data.  This  experiment 
was  performed  using  four  branches  of  the  fiber  optics  cable  but  inserting 
them  into  different  illumination  ports  of  the  LASS.  As  can  be  seen  in 
Table  3.5-4,  the  differences  are  within  the  expected  range  of  experi¬ 
mental  error,  and  it  was  concluded  that  the  performance  of  the  LASS 
device  was  independent  of  which  ports  were  illuminated. 

b)  Effect  of  attenuation  of  the  light  level. 

The  effect  of  attenuating  the  level  of  laser  light  that  reaches  the 
LASS  element  is  shown  in  Figure  3.5-24.  Oscillograms  are  contained  in 
Appendix  VI.  As  expected,  the  effect  of  light  attenuation  is  most 
noticeable  early  in  the  pulse.  Figure  3.5-25  is  an  expanded  scale 
measurement  during  the  first  10  usee  of  the  pulse  at  the  highest 
level  of  attenuation  practical  with  the  filters  available.  These  data 
are  of  interest  for  the  analytic  computer  program,  and  will  not  be 
discussed  further. 

3.5.4  Extended  Work. 

As  a  result  of  the  information  derived  in  part  from  this 
contract,  Westinghouse  was  able  to  cooperate  with  the  Lawrence  Liver¬ 
more  Laboratories  (LLL)  of  the  Energy  Research  and  Development  Admin¬ 
istration  in  the  fabrication  and  testing  of  special  LASS  devices. 

LLL  has  a  special  expertise  in  very  fast  rise,  high  peak  current, 
short  pulse  circuits  and  instrumentation  as  a  result  of  their 
weapons  work.  A  firm  conclusion  reached  from  the  work  done  for  the 
USAF  contract  was  that  the  dl/dt  was  circuit  limited  and  that  much 
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Figure  3.5-22.  Multiple  exposure  oscillogram  of  voltage  wave¬ 
forms  for  area  variation  by  changing  the  number  of  branches 
of  the  fiber  optics  cable  used.  From  the  top,  sequence  of 
traces  is  current  waveform  (2  branches),  and  voltage  waveforms 
for  2,  4,  6,  and  8  branches.  Vertical  scale  is  10  V/cm, 
horizontal  5  ysec/cm.  Device  was  50  mm  diameter,  ±  1.  Con¬ 
ditions  were  20  PFN's  charged  to  850  V.  Light  output  level 
believed  to  be  7-10  mJ/branch. 
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Table  3.5-4.  Effect  of  Varying  the  Ports,  Taken  Four  at  a  Time, 
Keeping  the  Fiber  Optic  Cable  Branches  Constant 


Port 

Numbers 

6 

10 

15 

20 

25 

30 

35 

1-3 

5-7 

vF(v) 

38 

29 

24 

21 

18 

16 

12 

1(A) 

8800 

8800 

8900 

9000 

9000 

8900 

7600 

1-4 

5-8 

vF(v) 

41 

32 

30 

23 

20 

18 

13 

1(A) 

8800 

8800 

8800 

8900 

8900 

8800 

7700 

2-4 

6-8 

vF(v> 

40.5 

31 

24.5 

21 

19 

17 

12 

1(A) 

8400 

8600 

8800 

9000 

9000 

9000 

7800 

8-1  2-3  was  corresponding  sequence  of  fiber  optics  cable 

branches 

Test  conditions:  40  PFN's  charged  to  850  volts 
50  mm  diameter  device  2G6 


Forward  Voltage  Drop  in  Volts 


Curve  691062-A 


Forward  Voltage  Drop  at  9300  A 


Figure  3.5-25.  Forward  voltage  drop  as  function  of  time  for 
77.3%  attenuation  of  the  laser  beam.  Beam  input  at  zero 
attenuation  believed  to  be  80  mJ  per  pulse.  Device  2G6,  using 
all  8  fiber  optics  cable  branches.  Voltage  probes  direct 
(no  clamping)  with  50  V/cm  deflection  on  oscilloscope.  Data 
points Q  are  from  previous  figure  and  show  good  agreement 
between  voltage  measurement  techniques. 


higher  dl/dt  values  could  be  achieved  if  adequate  circuits  were  avail¬ 
able.  This  was  well  beyond  the  scope  of  the  USAF  contract.  However, 
modified  LASS  devices  tested  in  cooperation  with  LLL  at  LLL  facilities 
demonstrated  dl/dt  values  greater  than  1.1  X  10^  A/psec  for  a  100  nsec 
long,  10,000  A  pulse  current.  Again,  it  is  believed  that  the  dl/dt 
was  limited  primarily  by  the  circuit. 

The  above  work,  and  contact  with  other  prospective  users 
of  the  LASS,  indicate  that  the  next  area  of  interest  for  investigation 
should  be  in  determining  the  performance  under  short  (less  than  1  psec) 
pulses.  This  is  the  time  domain  in  which  the  magnitude  of  the  absorbed 
laser  light  is  most  important — for  longer  pulses,  plasma  spreading, 
repetition  rate,  and  heat  removal  become  more  important.  This  topic 
is  addressed  in  Section  4. 

3. 6  Packaging  Considerations. 

Although  an  encapsulation  program  was  not  undertaken  per  se, 
several  points  came  to  light  in  the  testing  which  are  pertinent  to  an 
eventual  encapsulation  of  a  practical  device  with  these  high  level 
performance  requirements. 

First,  the  light  should  enter  immediately  adjacent  to  an 
electrical  contact  which  is  in  intimate  contact  with  the  silicon. 

It  was  found  in  experimental  testing  that  "shading"  of  the  silicon 
by  the  pole  piece  contact  led  to  arcing  between  the  pole  piece  and  the 
silicon  eventually  leading  to  failure  of  the  device.  Second,  the  device 
electrodes  should  be  sufficiently  thick  that  lateral  voltage  drops  are 
negligible  should  the  area  of  the  external  contact  to  the  bonded  elec¬ 
trode  be  restricted  in  any  way,  as,  for  example,  in  the  case  of  a 
pressure  contact  with  a  large  surface  area  which  is  cocked  relative 
to  the  surface  of  the  bonded  contact.  This  problem  was  encountered 
in  the  test  holder  and  was  significantly  reduced  by  electroplating 
gold  on  top  of  the  aluminum  contact  to  ensure  an  effective  large  area 
electrical  contact  to  the  silicon.  Third,  if  some  sort  of  reusable 
light  pipe  or  fiber  optics  cable  is  to  be  used  to  introduce  the  light 
into  the  silicon  a  method  should  be  devised  for  readily  repolishing 


the  optical  surface  in  the  event  that  a  device  failure  damages  the 
optical  finish  on  the  light  pipe.  Fourth,  the  fiber  optics  cable,  if 
used  to  introduce  the  light  into  the  silicon,  should  not  have  a  metal 
jacket  which  can  make  uncontrolled  electrical  contact  between  the 
device  surface  and  the  electrode. 

It  seems  unlikely  that  the  LASS  will  be  used  as  a  single, 
large  current,  low  voltage  ('v  2kV)  device.  Probably  a  plurality  of 
LASS  elements  will  be  connected  in  series  to  form  a  high  current, 
high  voltage  switch.  As  such,  it  seems  futile  to  expend  energy  de¬ 
signing  a  package  for  a  single  device.  Rather  the  approach  should  be 
to  integrate  the  active  elements  of  several  LASS  units  with  their 
optical  coupling,  heat  removal  means,  electrical  contact,  and  such 
equalizing  components  as  are  required.  Presumably  all  of  these  ele¬ 
ments  would  be  contained  within  one  hermetically  sealed,  low  inductance 
package  with  only  electrical,  optical,  and  fluid  (for  cooling)  con¬ 
nections  to  the  outside  world.  For  very  high  dl/dt,  very  low  jitter 
applications,  it  may  be  necessary  to  integrate  the  switch  packaging 
with  the  rest  of  the  circuit. 

The  packaging  of  the  LASS  is  a  complex  problem  which  in 
general  cannot  be  accomplished  independently  of  the  application  circuit. 
The  following  is  a  brief  description  of  the  switch  design  problem  with 
a  conceptual  switch  design  (Figure  3.6-1)  to  illustrate  the  approach. 
3.6.1  Optical  Design  . 

The  LASS  requires  light  to  turn-on.  The  initial  conducting 
area  turned-on  is  only  slightly  larger  than  the  directly  illuminated 
region  (port).  The  current  density  in  the  device,  and  therefore  the 
conducting  voltage  drop  and  power  dissipated,  is  reduced  as  the 
illuminated  area  is  increased.  Therefore,  it  is  desirable  to  illum¬ 
inate  the  entire  surface  of  the  device  to  keep  the  current  density 
as  low  as  possible.  This  will  also  tend  to  reduce  the  inductance 
of  the  switch.  However,  electrical  contact  must  be  made  to  the  device. 
It  has  been  found  experimentally  that  the  current  should  not  have  to 
travel  laterally  along  the  surface  of  the  device  without  a  substantial 
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Figure  3.6-1.  Conceptual  design  of  a  high  vo’tage,  high  current 
high  dl/dt  light  activated  silicon  switch. 


metal  contact.  Therefore,  It  Is  desirable  that  the  surface  of  the 
device  be  nearly  completely  covered  by  a  metallization.  This  is 
incompatible  with  the  desire  to  illuminate  the  entire  surface. 

There  are  ways  to  resolve  this  incompatibility.  One  compro¬ 
mise  is  to  provide  a  number  of  small  diameter  holes  in  the  metalliza¬ 
tion  to  permit  the  illumination  of  small  regions  with  close  contact 
metal.  Another  approach  is  to  configure  the  window  into  one  or  more 

rectangular  slits.  The  latter  approach  has  been  demonstrated  to  work 

2 

at  current  densities  up  to  at  least  15,000  A/cm  . 

Getting  the  light  from  the  laser  to  the  surface  of  the 
silicon  also  needs  attention.  Two  approaches  have  been  tried  exper¬ 
imentally  and  both  have  advantages  and  disadvantages.  The  first 
approach  is  to  pass  the  laser  beam  through  dielectrically  coated  beam 
splitters  that  divide  the  beam  energy  equally  among  the  switch  elements. 
This  technique  has  been  demonstrated  for  up  to  10  elements  in  series, 
and  in  principle  could  be  extended  to  an  unlimited  number  of  elements. 
This  technique  is  very  advantageous  —  indeed,  it  is  almost  mandatory  — 
when  it  is  desired  to  work  with  polarized  light.  By  using  light 
polarized  with  the  electric  vector  in  the  plane  of  incidence  at  the 
silicon  and  entering  the  silicon  at  Brewster's  angle,  the  reflected  light 
is  zero  and  all  of  the  light  in  the  beam  enters  the  silicon.  However, 
the  amount  of  polarized  light  available  from  a  laser  is  always  less  than 
that  available  unpolarized,  and  specific  designs  must  be  investigated  to 
determine  which  approach  is  the  most  advantageous.  The  disadvantages 
of  the  beam  splitter  approach  are  that  the  beam  splitters  must  be 
carefully  aligned  and  maintained  in  alignment,  and  the  laser  beam  is 
exposed  if  the  laser  is  not  integral  with  the  switch  assembly.  The 
problem  of  alignment  could  be  partially  overcome  by  the  arrangement 
shown  in  Figure  3.6-1  where  the  beam  splitters  are  mounted  onto  the 
heat  sinks  which  are  integral  with  the  silicon  active  elements. 

Alignment  is  thus  a  matter  of  precise  machining  of  two  of  the  heat 
sink  surfaces. 

A  second  approach  is  to  transmit  the  light  from  the  laser 
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to  the  silicon  by  means  of  a  fiber  optics  cable,  one  end  of  which  is 
branched  (multifurcated)  with  one  branch  going  to  each  silicon  element. 
This  method  encloses  the  laser  beam  for  essentially  its  entire  length, 
divides  the  laser  light  energy  equally  among  the  switch  elements , 
and  is  fairly  easy  to  align.  Operation  at  energy  levels  comparable 
to  those  contemplated  in  this  program  were  demonstrated  with  a  one-to- 
octifurcated  cable  in  the  present  USAF  program.  The  disadvantages  of 
the  fiber  optics  cable  approach  are  that  there  is  some  loss  in  light 
collection  from  the  laser  because  of  the  non-conducting  intersticies 
surrounding  each  fiber  of  the  bundle,  there  is  some  absorption  (0.04  to 
1.0  dB/m  of  cable  length)  of  light  in  the  cable,  and  it  is  not  practical 
to  work  with  polarized  light. 

3.6.2  Thermal  Design . 

The  thermal  design  of  the  switch  must  be  carefully  coordinated 
with  the  performance  requirements  of  the  switch  and  with  the  other 
elements  of  the  design  task  —  especially  the  optical  design.  Because 
a  semiconductor  switch  is  not  a  perfect  switch,  i.e.,  it  does  not  have 
infinite  resistance  when  "open"  and  zero  resistance  when  "closed",  heat 
is  dissipated  in  the  switch.  Except  in  unusual  circumstances,  the  heat 
generated  while  blocking  voltage  is  small  compared  to  that  generated 
during  conduction.  The  higher  the  peak  current  density  is  while  con¬ 
ducting,  the  higher  the  dissipation  will  be.  The  emphasis  must  be  on 
configurations  to  minimize  the  amount  of  heat  generated  and  to  remove 
the  heat  which  is  generated. 

To  lower  the  heat  generated  within  the  switch  element,  the 
conducting  area  of  the  element  must  be  increased  in  order  to  reduce  the 
current  density.  This,  however,  has  practical  limitations  imposed  by 
the  optical  design  problem  previously  discussed  and  by  the  light 
required  of  the  laser.  For,  as  the  illuminated  area  increases,  the 
radiation  energy  (J/pulse)  required  from  the  laser  increases  in  direct 
proportion.  These  are  the  primary  constraints  on  the  size  of  the 
illuminated  area  and  this  area  will  normally  be  sized  to  the  minimum 
that  will  provide  either  the  peak  conducting  voltage  drop  allowed  or 
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the  maximum  peak  temperature  allowed. 

Another  source  of  heat  generated  in  the  active  element  is  the 
lateral  conduction  of  current  across  the  surface  of  the  device,  and 
this  situation  occurs  under  two  conditions.  The  first  condition  occurs 
because  uniform  contact  to  the  edge  of  the  metallization  window  is 
extremely  difficult  to  achieve.  This  phenomenon  forces  the  current  to 
pass  along  the  surface  from  the  edge  of  the  conducting  region  of  the 
active  element  to  the  points  where  contact  is  made  to  the  metal  electrode. 
If  this  path  has  a  high  resistance,  intense  heat  can  be  generated 
locally  and  catastrophic  device  failure  will  result  from  melting  of  the 
silicon.  An  approach  that  appears  to  have  been  successful  in  solving 
this  problem  is  to  increase  the  thickness  of  the  metallization  layer 
by  a  factor  of  10.  More  work  is  required  in  this  area  to  relate  the 
thickness  of  metallization  required  to  the  current  pulse  (peak  current, 
pulse  width)  and  electrode  configuration. 

The  second  known  problem  of  localized  heat  generation  occurs 
when  the  optical  window  is  in  partial  shadow  for  any  reason.  This 
corresponds  to  an  especially  bad  case  of  the  high  resistance  problem, 
for  at  least  a  portion  of  the  current  from  the  window  will  cross  the 
non-illuminated  region  to  get  to  an  electrical  contact  point  of  the 
metal  electrode.  The  non-illuminated  region  will  have  a  high  surface 
resistance  resulting  in  intense  local  heating  and  catastrophic  device 
failure.  This  problem  can  be  avoided  by  careful  design  that  avoids 
shadowing  of  the  window  region. 

To  summarize,  the  electrical  metallization  and  optical  window 
design  must  be  carefully  considered  for  their  effects  on  heat  generation 
at  the  surface  of  the  active  element. 

Assuming  that  the  design  has  appropriately  considered  these 
problems,  there  remains  the  problem  of  removing  the  heat  from  the 
immediate  sinks  to  the  environment.  One  approach  with  variations  is 
shown  in  Figure  3.6-1.  If  the  rate  of  heat  generation  is  low  enough, 
the  heat  can  be  removed  by  fluid  oonductlon/convection  between  the 
sinks  for  each  element  and  the  wall  of  the  switch  case.  Fins  or  tubes 
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for  coolant  can  be  attached  to  the  case  to  aid  transfer  from  the  case 
to  the  environment.  By  using  pressurized  nitrogen,  sulfur  hexafloride, 
or  transformer  oil  Inside  the  case,  substantial  heat  transfer  rates 
can  be  obtained  by  this  means.  The  pressurized  gas  also  improves  the 
quality  of  the  electrical  insulation  within  the  switch.  This  will  be 
necessary  to  withstand  the  rather  high  voltage  stand-off  capabilities 
desired.  Alternatively,  the  coolant/insnlating  medium  can  be  circulated 
in  the  case,  through  an  external  heat  exchanger,  pump,  purifier  and  back 
into  the  case  to  remove  the  heat.  Large  quantities  of  heat  can  be 
removed  by  this  means  with  only  a  modest  rise  in  the  temperature  of  the 
element  heat  sinks;  but,  if  a  liquid  coolant  is  used,  care  must  be 
taken  to  avoid  trapping  any  gas  pockets  or  corona  conditions  may 
result  leading  to  ultimate  switch  failure.  Any  fluid  medium  must  be 
chemically  and  optically  compatible  with  the  means  chosen  for  the 
introduction  of  the  laser  light  to  the  silicon. 

3.6.3  Equalization  Design. 

When  switch  elements  are  connected  in  series,  provisions  must 
be  made  for  the  small  differences  in  various  performance  parameters. 
Experiments  conducted  on  the  USN  supported  program  N00039-71-C-0028 
indicate  that  the  only  equalization  circuit  required  for  the  LASS 
consists  of  resistors  in  parallel  with  each  active  element  to  swamp 
out  the  differences  in  leakage  current  when  the  switch  is  in  the  "off" 
state.  Each  of  these  resistors  will  dissipate  several  watts  to  several 
tens  of  watts,  and  since  ideally  they  would  be  incorporated  within  the 
switch  case,  their  heat  load  must  be  added  to  that  of  the  active 
elements  for  the  total  thermal  system  heat  removal. 

In  addition,  the  resistors  must  have  a  configuration  compatible 
with  the  shape  of  the  switch  case  and  the  active  elements,  and  they  must 
be  made  from  or  coated  with  a  material  that  is  compatible  with  the 
fluid  medium  at  the  temperatures  contemplated. 

3.6.4  Inductance  Considerations. 

Figure  3.6-1  shows  a  coaxial  arrangement  that  should  aid  in 
maintaining  low  inductance.  Proper  design  of  the  illuminated  area  can 


help  to  minimize  the  self-inductance.  This  area  will  require  considerable 
analysis  and  iteration  of  various  designs  to  arrive  at  an  "acceptable" 
design  approach. 

3.6.5  Switch  Package  . 

There  are  several  problems  that  must  be  addressed  during  the 
design  of  the  switch  package.  If  the  switch  package  were  self-contained 
with  the  laser,  laser  power  supplies,  and  control  circuits  integrated 
with  the  switch  proper,  such  an  arrangement  would  be  likely  to  produce 
the  minimum  size  and  weight  for  the  switch  system.  But,  such  an  arrange¬ 
ment  may  not  integrate  well  with  the  rest  of  the  equipment  involved  in 
the  application.  For  maintenance  purposes,  it  may  be  desirable  to 
have  the  output  laser  rod  with  its  associated  pumping  lamp(s)  (the  only 
system  component  expected  to  require  maintenance)  located  in  an  easily 
accessible  area  with  the  laser  beam  directed  to  the  switch  proper  by 
mirrors  or  fiber  optics  cable. 

The  materials  in  the  switch  must  be  compatible  with  the  fluid 
used  for  internal  insulation/cooling  over  the  anticipated  operating  and 
storage  temperature  range.  If  the  light  is  transmitted  to  the  silicon 
elements  by  mirrors,  the  optical  properties  of  the  fluid  must  be  suitable 
so  that  there  is  not  excessive  absorption  or  distortion  of  the  laser 
beam. 

A  coaxial  design,  similar  in  concept  to  the  crude  version 
shown  in  Figure  3.6-1  will  be  desirable  to  keep  the  inductance  low. 

This  may  cause  problems  interconnecting  the  switch  with  the  other  com¬ 
ponents  of  the  application.  Although  the  resistive  component  and  atten¬ 
uation  should  be  very  low  when  conducting,  the  switch  element  should 
match  the  characteristic  impedance  of  the  interconnecting  transmission 
lines  to  avoid  undesirable  reflections  and  losses. 

3.6.6  Laser  Light  Source. 

The  laser  light  source  is  certainly  critical  from  the  stand¬ 
point  of  its  importance  to  the  LASS  concept.  There  is  also  a  very 
important  question  in  the  switch  design  that  involves  the  laser;  Where 
should  the  laser  and  its  power  supplies  and  controls  be  located? 
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Because  of  the  physical  size  of  the  laser  head  and  the  power  supplies, 
preliminary  thinking  is  that  a  switch  system  should  consist  of  two 
major  components  —  the  switch  proper,  and  a  separate  package  cor^aining 
the  ancilliary  components  (laser,  laser  power  supply  and  controls,  and 
coolant  pump  and  heat  exchanger,  if  needed) .  This  point  must  be  dis¬ 
cussed  with  the  switch  users  to  determine  the  best  system  configuration. 

One  component  of  the  laser  that  must  be  considered  carefully 
is  the  pumping  lamp.  This  is  the  only  component  in  the  contemplated 
switch  system  that  has  a  limited  life  associated  with  it.  For  this 
reason,  it  should  be  easily  replaceable.  For  some  applications,  it 
may  be  desireable  to  use  a  multiple  lamp  arrangement  to  provide  longer 
periods  between  scheduled  maintenance  and  backup  in  case  of  failure. 
Under  normal  conditions,  the  period  between  scheduled  lamp  changes 
(routine  maintenance)  could  exceed  600  hours  or  10^  laser  pulses, 
depending  upon  the  mode  of  operation. 

One  of  the  most  expensive  components  of  the  laser  light  source 
is  the  Q-switch  and  its  control.  A  possible  approach  to  improve  the 
cost  is  the  Frustrated  Total  Internal  Reflection  Acoustoptic  Q-Switch 
(FTIR  A-0) .  It  is  comparatively  low  in  cost,  even  in  small  quantities, 
with  promise  of  lower  cost  if  produced  in  quantity.  The  laser  pulse 
width  produced  with  present  designs  is  15  to  20  nsec  compared  to  the 
10  to  15  nsec  available  from  Pockels  cells.  Q-switch  efficiency  of 
about  90%  has  been  obtained  with  a  1  cm  diameter  beam. 
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4.0  CONCLUSIONS  AND  RECOMMENDATIONS 

4. 1  Conclusions . 

The  specific  performance  goals  of  the  contract  were  attained: 
current  pulses  of  40  psec,  20,000  A  peak,  with  a  rise  of  20,000  A/psec, 
at  a  repetition  rate  of  1  pulse  per  second  were  obtained  on  a  number 
of  occasions  for  durations  exceeding  10  seconds.  An  analytic  model  was 
developed  and  coded  in  FORTRAN;  the  model  faithfully  predicts  the  for¬ 
ward  voltage  drop  in  the  device.  The  model  also  predicts  the  temperature 
rise  in  the  device;  this  value  was  confirmed  experimentally  to  the 
extent  that  the  model  predicts  device  failure  in  the  test  fixture  from 
excessive  temperature  after  a  number  of  pulses,  and  otherwise  successful 
devices  failed  in  this  mode. 

It  is  evident  from  the  experimental  work  that  the  dl/dt  limit 

of  the  LASS  was  not  reached  even  at  greater  than  40,000  A/psec  because* 

in  the  extended  work  reported,  dl/dt  values  in  excess  of  10^  A/psec 

were  obtained.  Obviously  the  circuit  configuration  is  of  more  importance 

in  determining  the  current  rise  time  than  is  the  LASS  device.  This  is 

reasonable  when  one  considers  the  configuration  of  the  LASS:  a  very 

short  (approximately  2  mm)  current  path  length  with  a  comparatively 

large  (order  of  square  centimeters)  conducting  area.  It  may  be  that, 

for  circuits  designed  to  operate  at  current  rises  in  excess  of  10^  A/psec, 

special  attention  should  be  given  to  the  configuration  of  the  conducting 

area  of  the  LASS  so  as  to  further  reduce  the  device  inductance. 

A  specific  conclusion  obtained  from  the  experimental  program 

is  that  the  plasma  spreading  velocity  is  significantly  higher  at  very 
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high  current  densities  (>10,000  A/cm  )  than  it  is  at  the  lower  values  of 
current  density  where  measurements  have  previously  been  made. 

Additional  conclusions  can  be  drawn  from  the  analytical  and 
experimental  tasks  as  follows: 

a.  As  expected,  the  thermal  design  of  the  LASS  device  and  its 
immediate  environment  is  very  important.  Considerable  heat  is 
generated  in  a  very  localized  region  in  the  LASS  during  the  ci rrent 


163 


pulp®.,  and  this  heat  must  be  removed  effectively  if  the  LASS  is  to 
survive  repeated  pulses.  For  pulses  longer  than  a  few  microseconds, 
plasma  spreading  is  an  important  consideration  in  increasing  the 
electrical  conduction  area  of  the  LASS.  This  is  fortunate  because, 
for  these  longer  pulses,  the  major  contribution  to  the  heat  buildup 
occurs  during  the  pulse  conduction  rather  than  during  the  tum-on 
transient. 

b.  The  electrical  contact,  especially  at  the  cathodeof  the  LASS, 
is  crucial  to  the  long  life  of  the  device.  The  experimental  work 
clearly  demonstrated  that  if,  for  any  reason,  the  current  must  pass 
through  a  comparatively  high  resistance  path,  excessive  heat  will  be 
generated  in  a  very  localized  region.  Since  poor  electrical  contact 
also  implies  poor  thermal  contact,  device  failure  is  certain  to 
follow  very  quickly.  In  the  present  program  this  problem  was  overcome 
by  gold  plating  the  cathode  metallization  to  a  thickness  of 

about  50  pm.  A  superior  metallurgical  combination  can  be  readily 
obtained  when  starting  with  a  new  device  design. 

c.  The  introduction  of  the  light  into  the  silicon  wafer  is  an 
important  design  consideration  for  three  reasons:  (1)  as  much 
silicon  as  possible  should  be  illuminated  to  reduce  the  subsequent 
electrical  losses;  (2)  all  of  the  area  in  an  illuminated  port 

or  window  must  be  illuminated  in  order  to  avoid  a  high  resistance 
region  leading  to  the  failure  mode  described  in  (b)  above;  and 
(3)  the  laser  light  should  be  used  as  efficiently  as  possible 
to  fire  the  LASS  because  it  is  relatively  expensive  in  both  initial 
cost  for  equipment  and  in  energy  conversion  from  the  primary 
energy  source.  Thus  the  optical  design  must  consider  not  only  the 
direct  introduction  of  the  light  into  the  silicon  wafer,  but  also 
all  of  the  other  ramifications  of  collecting,  transmitting,  and 
dividing  the  light  from  the  laser  output  into  the  silicon  wafer. 

This  program  demonstrated  the  technical  feasibility  of  using 
fiber  optics  cable  to  collect,  transmit,  and  distribute  equally 
the  light  from  one  laser  to  a  plurality  of  illuminated  regions. 
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These  regions  could  obviously  be  all  on  one  LASS  element,  as  in  the 
present  case,  or  on  various  elements. 

4.2  Recommendations . 

A  research  program  normally  generates  more  questions  than  it 
can  answer  within  its  time  and  funding  limitations.  This  program  was 
normal  in  this  respect.  The  program  greatly  increased  the  level  of 
understanding  how  a  LASS  works  and  where  its  physical  limits  are,  but 
much  remains  to  be  done  before  sufficient  technology  is  available  to 
design  and  fabricate  a  LASS  system  for  operational  use.  Completion  of 
the  following  tasks  is  recommended  for  a  future  research  and  development 
program.  The  items  are  not  necessarily  listed  in  the  order  of  importance: 

•  Determine  minimum  light  requirements 

•  Improve  analytic  model 

•  Explore  means  of  coupling  light  into  silicon 

•  Improve  heat  removal  technique 

•  Develop  improved  instrumentation 

•  Measure  dynamic  forward  drop 

•  Design,  fabricate  and  evaluate  a  complete  switch  system 

•  Increase  thyristor  blocking  voltage 

•  Create  true  ON-OFF  switch 

The  following  paragraphs  elaborate  upon  each  of  these  tasks. 

4.2.1  Determine  Light  Requirements. 

By  combining  very  short  100  nsec)  current  pulses  with  calorimetric 
techniques  it  should  be  possible  to  obtain  an  empirical  relationship  between 
the  level  of  the  light  drive  and  the  turn-on  losses.  The  information 
so  obtained  would  be  the  most  important  fundamental  knowledge  now 
missing.  For  a  major  question  remaining  on  the  LASS  concept  is  how 
much  laser  light  is  needed  for  a  given  set  of  requirements.  The 
theoretical  analysis  of  Section  2.3.2  only  sets  upper  limits.  The 
present  experimental  program  was  unable  to  answer  this  question 
satisfactorily  for  two  reasons:  (1)  the  instrumentation  to  measure  the 
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forward  voltage  drop  was  blinded  during  the  time  when  the  effect  of 
changing  the  level  of  the  light  should  be  most  significant  (<  1  psec) ;  and 
(2)  most  of  the  thermal  effects  of  the  pulse  were  caused  by  the  long 
(40  ysec)  pulse  length. 

4.2.2  Improve  Analytic  Model. 

The  analytic  model  should  continue  to  be  improved  by  the  addition 
of  the  information  from  4.2.1  above  and  by  the  expansion  of  the  scope 
of  the  device  parameters  considered  by  the  model;  e.g.,  the  profile  of  the 
carrier  density  generated  by  the  light  trigger  and  how  the  carrier 
density  changes  spatially  and  temporally  during  the  current  pulse.  Such 
improvements  would  help  increase  the  effectiveness  and  versatility  of  the 
model  and  reduce  the  need  for  detailed  experiments  during  switch  system 
design. 

4.2.3  Explore  Means  of  Coupling  Light  into  Silicon. 

Because  of  the  apparent  importance  of  illuminating  as  large  an 
area  of  the  silicon  as  practical,  preferably  under  a  good  electrical 
contact,  means  should  be  investigated  to  better  distribute  the  light  within 
the  silicon.  The  investigation  should  include  such  obvious  approaches 
as  varying  the  surface  finish  of  the  window  region  and  the  possible 
use  of  optical  waveguides  as  well  as  the  use  of  beam  splitters  to 
introduce  the  light  at  Brewster's  angle  and  other  possibilities  that 
may  arise  during  the  investigation.  The  use  of  the  information  generated 
by  this  investigation,  coupled  with  the  improved  analytic  model,  would 
be  expected  to  reduce  significantly  the  light  drive  requirements  and 
also  to  reduce  the  failure  of  devices  because  of  poor  electrical 
contact  near  the  illuminated  region. 

4.2.4  Improve  Heat  Removal  Technique. 

The  ultimate  cause  of  the  failures  of  the  LASS  devices  is  excessive 
heat.  For  this  reason  an  investigation  of  means  to  improve  the  electrical 
and  thermal  contact  between  the  device  anode  and  cathode  and  the  adjacent 
heat  sink  electrodes  is  in  order.  Coupled  with  this  should  be  an 
analytical  and  experimental  study  to  quantitatively  determine  the  heat 
generated,  the  temperatures  reached  in  the  silicon,  and  the  improvements 
in  performance  obtained  by  various  approaches.  This  information  should 
be  iteritively  incorporated  into  the  improved  analytic  model  of  4.2.2  above. 
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4.2.5  Develop  Improved  Instrumentation. 

At  present  there  is  no  known,  reasonably  priced  instrumentation 
available  to  measure  accurately  a  voltage  in  the  range  of  20-50  volts 
immediately  after  (<  1  psec)  the  instrument  is  exposed  to  the  forward 
blocking  voltage  (>  1000  volts)  of  the  LASS  device.  It  would  seem  that 
a  combination  of  compensated  attenuators,  very  fast  gates,  sample  and 
hold  units,  and  analog  to  digital  converters  coupled  with  a  microprocessor 
could  be  arranged  to  determine  a  limited  number  of  points  accurately 
within  a  one-to-two  microsecond  test  time.  Conversion  and  readout,  onto 
an  oscilloscope  or  printed  on  a  teletype  or  similar  machine,  could  occur 
within  a  few  seconds  of  the  actual  test.  The  ability  to  measure  the 
transient  forward  drop  while  the  LASS  device  was  turning  on  would  be 
a  significant  step  in  verifying  or  correcting  the  analytic  model;  and  it 
would  thus  aid  the  device  designer  to  evaluate  the  effect  of  changing  other 
design  parameters.  This  parameter  is  also  of  importance  to  the  ultimate 
user  because  it  determines  the  effective  efficiency  of  the  switch. 

4.2.6  Measure  Dynamic  Forward  Drop. 

Once  the  instrumentation  to  measure  the  transient  V^,  (as  described 
in  (e)  above)  is  available,  an  analytic  and  experimental  study  should 
be  undertaken  to  measure  Vp  under  a  variety  of  LASS  device  designs  and 
operating  conditions.  The  primary  purpose  of  this  study  is  to  supply 
information  to  improve  the  analytic  model  and  to  perform  a  sufficient 
number  of  controlled  experiments  to  verify  the  predictions  of  the  model. 

4.2.7  Design,  Fabricate,  and  Evaluate  a  Complete  Switch  System. 

It  would  be  appropriate,  once  the  basic  information  discussed 
above  were  available,  to  design  a  complete  light  activated  silicon 
switch  system  of  modest  rating,  perhaps  10  kA  peak  current  and  10  kV 
blocking  voltage,  to  force  careful  examination  of  all  of  the  interfaces 
between  the  electrical,  thermal,  and  optical  components  of  the  system. 
Fabrication  and  evaluation  of  a  limited  number  of  such  switches  would 
demonstrate  that  the  technology  then  exists  for  the  operational  use  of 
the  LASS  system. 


4.2.8  Increase  Thyristor  Blocking  Voltage. 

Because  the  LASS  presently  has  limited  voltage  capability  (a 
few  kV)  in  each  unit,  it  must  be  connected  in  series  for  high 
voltage  applications.  Although  this  is  advantageous  in  covering  a 
wide  range  of  voltage  systems  (the  LASS  is,  in  effect,  modular,  and 
only  the  packaging  of  varying  quantities  of  devices  need  be  changed 
for  various  voltage  requirements),  for  very  high  voltage  systems 
this  may  become  cumbersome.  Therefore,  a  study  to  determine  how 
the  blocking  voltage  of  each  element  could  be  raised  significantly 
would  be  appropriate.  There  are  several  possible  approaches  that  such 
a  study  could  consider,  but  these  details  are  beyond  the  scope  of  this 
document. 

4.2.9  Create  True  ON-OFF  Switch. 

The  present  LASS  is  a  "tum-on"  device  only:  some  external 
construction  in  the  overall  circuit,  such  as  a  pulse  forming  network, 
is  required  to  reduce  the  current  to  near  zero  value  so  that  the  LASS 
can  turn-off.  It  would  be  desirable,  and  it  seems  possible,  to  have 
a  LASS  that  would  turn-off  as  well  as  turn-on.  A  study  of  the  various 
approaches  to  obtaining  a  true  "switch"  that  is  activated  optically 
would  be  likely  to  lead  to  one  or  more  such  devices. 

Accomplishment  of  the  above  tasks  will  require  several  years. 
There  are  already  indications  that  various  military  and  civil  (isotope 
separation  and  advanced  fusion  power  experiments)  programs  will  require 
the  LASS  to  meet  their  objectives  in  the  early  to  mid  1980’s.  Unless 
development  is  pursued  promptly,  the  LASS  will  not  be  available  when 
needed. 


168 


REFERENCES 


1.  F.E.  Gentry,  et  al.  Semiconductor  Controlled  Rectifiers;  Prentice- 
Hall,  Englewood  Cliffs,  NJ  (1964). 

A.  Blichter,  Thyristor  Physics;  Springer-Verlag,  New  York,  NY  (1976). 

2.  H.  Yamasaki,  IEEE  Trans.  Electron  Devices,  Vol.  ED-22,  pp.  65-69 
(1975). 

H. J.  Ruhl,  Jr.,  IEEE  Trans.  Electron  Devices,  Vol.  ED-17,  pp.478- 

484  (1966). 

I.  Sotnos  and  D.E.  Piccone,  loc.  cit.,  pp.  680-687. 

3.  D.E.  Lencioni,  APL  25,  No.  1,  1  July  74,  pp.  15-17. 


169 


appendices 


appendix  I 

COMPUTER  LISTINGS 


170 


APPENDIX  1-1 


Thermal  Program  for  Infinite  Silicon  Slab 
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DATE  07177R 


i-  t  u  > 

c 

c 

c 

c. 

c 

c. 

c 

c 

c 

-C 

c 

c 

c 
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c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 


PROgKAM  .(KITTEN  JUKE  I97M 

CALCULATE  THE  DECAY  IN  THE  THERMAL  DIFFERENCE  BETWEEN  POINTS  IN  TH 
SILICON  SLICE  AND  Tnt  AMBIENT.  INFINITE  HORIZONTAL  SLAd  ASSUMED. 

DEFINITIONS  ARE  AS  FOLLOWS 

DLTAA  IS  A  DUMMY  DLTA  USED  IN  THE  CALCULATION  Of  I  HE 

DLTaIII  WHICH  ARE  THE  ULTa'S  UF  The  THERMAL 
CALCULATION.  DLTAIII  >  Nil)*  X. 

H  »  COEFIC1ENT  OF  hEAI  TRANSFER  ACROSS  FACE  Of  SLICE 

K  =  COEFICIENT  OF  HEAT  TRANSFER  OF  THE  SILICON 

x  =  1/2  the  thickness  of  The  silicon 

THETA(TI=  THE  CALCULATED  VALUE  OF  THE  TEMPERATURE  Al  A  GIVEN 
TIME  AND  PLACE*  IT  IS  CALCULATED  FOR  20  VALUES  OF 
TIME.  REFER  To  STEP 

THETAZ  *  THE  INITIAL  VALUE  OF  I  HE  TEMPERATURE  DIFFERENCE 
BETWEEN  THE  CENTER  OF  THE  SLICE  AND  THE  AMBIENT 
ALPHA  *  THERMAL  DIFFUilVITT  OF  SILICON 

T  =  TIME  IN  MICROSECONDS 

FX  a  FIDLTaUI)  IN  THE  SUCCESSIVE  LIMITS  APPROXIMATION 

D  *  THE  NUMBER  OF  COMBINATIONS  OF  H.K.  X,  AND  ALPHA 

F  =  THE  NUMBER  OF  COMBINATIONS  OF  EKS  AND  ThETaZ 

EKS  =  THE  DISTANCE  FROM  THE  MIDPLANE  TO  THE  PuINT  WHERE 

THE  TEMPERATURE  IS  BEING  CALCULATED* 

All)  *  THE  COEFICIENT S  OF  THE  EXPANSION  OF  THETAII) 

UII)  *  THE  EXPONENT  ASSOCIATED  WITH  THE  TIME  UF  DECAY 


THE  PROGRAM  IS  SELF  CHECKING  TO  PREVENT  LOOPING  IN  THE  CALCULATION 
Of  THE  DLTAIII*  FLAGS  ARE  PRINTED  IF  CERTAIN  CRITERIA  ARE  NOT  MET. 
THE  program  ATTEMPTS  ALL  Of  THE  DLTaIII  FOR  EACH  set  OF  H.K, AND  X, 
HUT  WILL  NOT  TRY  TO  CALCULATE  T  Ht  All),  UII),  OR  THE  THETAII)  FuR 

those  values  for  which  the  dltaiii  are  unsuccessful. 


INPUT  DA  rM  AS  FOLLOWS 

H,  K,  A,  and  alpha  in  format  bfiu.s 
LKS.  THETaZ  IN  FORMAT  2FI0.S 

NEA  VALUES  of  EKS  and  IHETAZ  UNTIL  all  OESIRLU  FuR  TmIS  SET 
ui  H.  K,  L.  AMD  ALPHA 
C  0.0  AND  U.U  in  format  zfio.b 

C  nek  values  of  h,  k,  l,  AND  alpha 

C  EKS,  ThtTAZ,  ETC. 

c  RtPEAi  seouence  until  all  data  js  entered.  .  .  • ■ 

C  LAST  EKS  A 171/  THETaZ  VALUE  ENTtRtD  IS  TU  BL  0.U  AND  O.U 

C  “S .  .  U.  ,  U.  ,  0.  IN  RFlO.b  WILL  CAUSE  PROGRAM  TO  TtRMlNATt 

U  I  M|  I,  S|  (JN  DLlAl  7  S  )  ,  A  I  7  S  )  ,U(  7  S  I  0 

RLAl  M .K  ,  X ,ULT aA ,dL T A . A .U . ALPHA . THE T aZ . THETAU . IHET A  ,EKS  0 
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<*IS  Yk.Zi  IS 


[•,1 


0 1  OH ; 

oios: 


i  01 iu: 


i  ui  1 1 : 

i  oi  w: 


01161 

on/: 


I NTt  GEK  1  .M .  K  ,h  .  1 


READ  AND  STORE  ALL  OF  THE.  VALUES  OF  H.K.X,  AND  ALPHA 


10  READ  I1UU.  HiK.liALPHA 

IF  (  H  • L 1 •  0 • 0  .ANO. 
1  K  .tU.  0.0  .ANO. 
/  A  .EM.  0.0  .ANO. 
j  ALPHA  .EO.  U.U 


1  STOP 


HA  1  i.  00  LOOP  THAT  CALCULATES  ANO  PRINTS  ALL  OF  THE  OtSIKED  VALUES 
OF  I H  L  T  A ( X  >  T 1  ANO  THE  INPOT  PARAMETERS. 


set  counter  to  p re v t n t  meaningless  calculation  of  theia  if  the 

OLTa'S  oo  NOT  CONVERGE 


calculate  t Ht  dltaiii  for  the  given  values  of  h.k.  anu  a 

oO  17b  1  «  1 • SO 

SET  UP  THE  COUNTER  FOR  THE  NUMBER  OF  ITERATIONS 

k  a  0 


set  the  values  of  the  upper  and  lo*er  limits  for  each  value  of  i 

OL0AR  *  (  1  -  1  1  •  3.1HIS927  ♦  l.OE'R 
OUPR  -  l  2  •  I  -  1  1  •  1.S70/96J  -  I.UE-R 
STA.<T  AlTrt  ThE  MIDPOINT 

oLTAa  *  1  OUPR  ♦  OLOAR  1  /  2 

IF  IllE  difference  in  limits  IS  NEGLIGIBLE.  GO  TO  NEAT  1 

IF  I  ABS  1  OUPR  -  OLOAR  I  .  L  T •  l.UE-b  I  GO  10  12S 


lALCOLaTE  the  value  of  fa 


FA  «  (  ( K 


•  OLTAA  )  /  l  h 


•  A  I  I • I  COS  I OLT AA I /b IN t OLTAA n 


advance  the  iteation  counter,  stop  if  su 

R  *  R  ♦  l 

IF  I  R  .EQ.  bl  )  GO  To  SOS 


IF  FA  NEAR  2ER0.  GO  TO  NEXT  I 

IF  I  ABS  IFX)  .LI.  I • UE  *  S  )  GO  TO  12b 


A'iwtf  *40  W  Alt' 


c 

c 


TO  REPLACt  hr  liL  T  A  A  AND  DO  IT 


oi2i: 

0122: 

0123: 

.0121: 

012b: 

0126: 

c 

c 

012/: 
o  1 3u : 
oi3i : 

c 

c 

0132: 

c 

c 

c 

0133: 
u  1 3i : 

013&: 

0136: 

c 

c 

c 

oi3/: 
onu: 
o  i  “  i : 

t 

c 

c 

c 

oii2: 
0113: 
oi  ii : 
onb: 
out: 
on/: 

c 

c 

c 

c 

0 1  bo : 
o  i  b  i  : 
01b2: 
01b3: 

oibi: 

oibb: 

oib&: 

01571 
oi6u: 
oi6i : 

0  16  2: 


lit  Tt.  HI'I  1  Nt  Ah  1  CM  null 


IE  (EM  1 u . 125.23 
26  0  UP  K  =  OLTAA 

GO  TO  ZU 

10  u  L  0  n  k  »  OLTAA 

,0  TO  20 

506  PRINT  2000,  1  ■  DC  I  A  A  ,  1 

mOVaNCE  COUNTER  F  Ok  FAILURE  To  CDNVtKGE 
o  *  h  ♦  1 

126  oL  T  A  I  1  I  =  OLT  AA 

175  CONTINUE 

IE  I  HE  Re  HAD  tlELN  NON -C  ON  V  E  h  0  E  NC  E  ,  GO  To  lht  NEAT  <ALut  OE  A.H/K 
IE  1  0  .  uT  .  O  )  00  10  10 


CALCULAlt  ThE  A(I)  AND  U ( 1 ) 
u 0  160  1=1,60 

M(ll  =  ( b 1 N I OLTA (  1  1  )  I  /  (  1S1N1ULTA 1  1  )  1)  *  ( COS ( Uo T A  1  I  1  )  )  ♦ 

I  OL  TA (  1  )  » 

0(1)  =  (  (  <  OL  T  A (  I  }  >  • « 2  >  »  ALPHA  )  /  (  X..2  ) 

1 60  CUNT  I NUE 

ERInI  HEADINGS  aNU  THE  J.  DlTaU).A(I)  ANu  0(1)  FOK  T nE  GIVEN 
VALUES  OF  Ei,  K,  X,  ANu  ALPHA 
HKInT  2100,  II,  K.X,  ALPHA 
PRINT  2200 

PRINT  2250.1  1  ,  ULlA(l).  All),  0(1).  1  •  1  .  b  u'  )' 


KLAo  The  spacial  coordinate  EKS  ANU  the  midplane  Tlmp  K 1 Se  the  TaZ 
ho  h l a o  liou,  eks, theta/ 

IE  (  EKS  iEUt  0.0  .and.  TheTAZ  .EG.  0.  )  GO  TO  lo 

r=  i 

El  —  1 

PRINT  2300,  EKS,  T  H  E  T  A  2 
PRINT  21UU 

...  A  '  V 

CALCULATE  The  TEEIPERaTURi  rise  FOR  EACH  value  OE  Time  FOK  The 
given  SPATIAL  POSITION 

l> 0  100  N  =  1  ,  2 O 

THtTA  =  0 

DO  90  1  =l,ba 

OA  =  Ull)  *  T • ( 1 • 0  E " 6 ) 

IF  ( OA  . GE .  80. )  GO  TO  90 

IF  (  UA  .GE,  68.  .AND.  All)  .LT.  l.E-o  1  GO  TO  90 
THETAO  =  2.  •  THETA2  •  A (  I  I  • ( L  X  P (  -(  0(11  •  1  • 

1  l.Ot-6  )))  •  c  OS  1 OL  T  A  I  I  I  •  EKS  /  A  I 

1  HE  I  A  =  THETA  ♦  THETAO 

IE  (  AuS  I  THETAO  )  /THETA  .LT.  l.E-1  I  GO  To  95 

9  0  CUNT  I  HUE 

vs  print  zisu  ,t,  theta 

176  19113  M.3 1  IS  T  QUALITY 

,  1  .1  ■•T)C 


r 


; 

1 


: 


OATE 


DETERMINE.  NEXT  INCREMENT  FOk 
BEEN  CALCULATED. 

,  6  10.  6  2  U 


0163: 

I F  ( M-2  ) 

0165: 

6UU 

T  *  2  •  T 

oi6s: 

M  =  M  ♦  1 

0  1661 

GO  TO  1U0 

0167; 

6  1  0 

T  =  2  •  b  • 

0170: 

M  a  M  ♦  l 

0171 : 

GO  TO  100 

0W2: 

620 

T  a  i  » 

0173: 

Mai 

U175: 

ion 

CONTI NUE 

017S: 

GO 

ID  80 

and  continue  until  Eli  yaEUeS  have 


c 

c 

C 

c 

c 

C 

c 

c 

c 

c 


0176: 

1  1  00 

FORMAT 

(  4F1U.5) 

U177: 

2000 

FURMA  T 

(  •  ULTA  FAILS 

•  Ra»  ,  13  1 

TO  CONVERGE 

FOR  ] 8 1  .13.*  UL  T  A  a  *  ,  F 1 0 , 5  , 

020u: 

2  1  UO 

FORMAT 

( IHO.bX, '  Ha*. 

1PE 1 2.S . •  . 

*.  =  *  .  1PE  12.5  .  *  .  Aa*,lPEl2.b, 

*  . 

ALPHAa* ,lP£12.b  //) 

0201 : 

2  20  0 

format 

(  1 2A , •  I  •  ,  8  X 

.*  DLTaIII  • 

, 10X , •  A  1  1  1  •  ,  1UA , •  U<  I  )  W  1 

0202: 

22S0 

FORMAT 

(  1UX.I3.3EI8. 

bl 

U203: 

2300 

forma  t 

(  IHO.bX . •  E  K  S  * 

' . lPE12.b,  • 

T  HE  T  A  2  «•  . 1  PE  1 2  *  b  //  1 

U205: 

2  5  OU 

FORMAT 

(  1UX,  •  r* 

*  8  X .  *  THETAIT1'/  1 

0  2  0b: 

2550 

format 

(  1UX , I 7 ,  F 1 5 

.5) 

0206: 

END 

.3  ....  the  Symbol 


•n«  occurs  only  once  in  the  program. 
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APPENDIX  1-2 


Thermal  Program  for  Composite  Material  Infinite 
Lateral  Extent  Repetition  Pulses 
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AD-A080  567  WESTINGHOUSE  RESEARCH  AND  DEVELOPMENT  CENTER  PITTSBU— ETC  F/G  9/1 
OPTICALLY  ACTIVATED  SWITCH* ( U) 

APR  78  L  R  LOWRY  F33615-74-C-2029 

UNCLASSIFIED  _ _ AFAPL-TR-78-17  NL 


3of4 

AO 

A080567 

■ 

r 

.  ■ 

- 

m 

o#M 

1 

1. 1 

im 

IK 

!l| 

ri 

f-.— — 

1 

1 

r  f 

i  * 

jT 

a 

C 

M 

2 

> 

O 

— 

-- 

•  •• 

'  © 

■ 

tfFRTS 

in- - 

as 

u — - - 

ftors 


fSl&NHENT  I  BLOCK .  TYPE.  RELATIVE  LOCATION,  NAME! 


40743  I041F  OOOO 

41013-10  *1£- . QUOO 

0034S  1 2SL  0000 

&uZ2_i64.s_  .  ou  au 

S 1 030  201  IF  0000 

00114  2100 _ 0601 

00 1 S6  2406  0000 

St 2*2  30 IP _ oiiao_ 

00333  JSL  0001 

St  317-37*0. - 41001 

S  t  322  4  4  70  0001 


_ouai _ ooo is i  ton — 

0O00  1S0747  IOSIF 

0000  iSU.ia.lt  00 

0000  1 S 1  1  HO  1310 

QOQU  IS  1.201-  1700 

0000  1SI043  202 1 F 


0000  1 S | 237  2420 

..  OiiaO _ LSI  27-2.11  OD 

0001  0003SS  3S1 6 

pool _ 000411.-1720 

0001  000336  SOSL 


1S07S0  1 06  IF 
.UUlLlUS- 
1S1154  1470 
-.0002  7.1  20L  -- 
1 b 1 046  203  1 F 
ISI.274  777Q 
ISI24S  2S70 

000242-1136 _ 

1 S 1 302  1S7D 
000677  400L — 
000722  600L 


IS0762  1071F 
1511  30-1330—. 
1S1162  ISIS 
4 S4-24 4  2000  — 
1 S 1 062  204  IF 


0001  UU0231  2/76 

-  OUOl - 000703  3251 — _ 

0001  U00674  360L 

-41001 - 41005  U  - 4066--  - 

0000  K  O0S1S4  A 


0416S  DOPER 
S£L66  4_lilE  N.T__ 
04102  K A 

5066Z-HA-I - 

50647  N 1 


04114  RHO 
ail2fL_tiltU2. 
50652  Ti 


0000  R  004167  FX 
0000  R  000137  1 NP T.S 
0000  R  000012  K A 1 

-0000_K.  004070  HAH - 

0000  1  150701  N2 


0000  R  004126  H 

_ OOO 0  1  130706-4 - 

0000  I  150677  KB 

- OOQO  -R-  00000 1  *  Amu. - 

0000  1  1S06S5  N3 


0000  R  U0004S  HI  $ 
41000-1..  1 50663  JEB8T1 
0000  1  150676  KC  '!* 

0000  J  i S06S6  N4 


0000  R  000034  RHO 1 
—OOOO  R  007125  IKE LA L 
0000  I  150653  TT 


0000  R  004140  SPHT 

0000  J1 _ 067  725 _ .lM£J-A2_ 

0000  R  006140  0 


0000  K  U0O023  SPHT I 
JiUOQ_K_l 
OOOU  R  1SU707  UA 


PR06RAH  WRITTEN  AUGUST,  1974  ,,/i 

_ CALCULATES  INSTANTANEOUS.. TEMPERA! ORE  AT  MlOPQlNT  OF  S1L.11 ON...SU&E _ — £ 

AND  ON  EACH  SIDE  OF  EACH  INTERFACE  OF  FUSION  if 


DEFINITIONS  ARE  AS  FOLLOWS 

_ pLTAA _ •_A._OOM_MJ[  0J,1jL  W.S-EP.-US—TME.. O.RL.C.Ok.4T. l.ON. .flf_.Tjj.E _ 


I 


OL  T  A  (  I  >  WH  I  CM  ARC  THE  DLTA*S  OF  THt  THERMAL  C  ALC  Ol  A  T  I  OR  . 
HI  1  . 1  ♦  I  1  ■  CQEF  ICIENT  OF  HEAT  TRANSFER  BE  Ij»t£N  SLICt  -L.  AND  - 
SLICE  1*1 

_  X  U  J  _  •  COEf  I C I EN  T.  .OF.  IN  CRM  A  CQNOUC 1 1  Vi  T.X ...  OF  ..SLJ  CE  ..IU- 

XII)  -  THICKNESS  OF  THE  SLICE  < 1  I  , 

THETA-LT.I.  »  THE _ C  ALCUL  ALE.D-.Y  ALUE.  HF.  T.H1 — IEMP ERA  I U RE  .  A  L-A—Gi-Vi 

TIME  AND  PLACE. 

.imej.a2 . »  the  _im T i al  value  of  t  h  e.  Lt  m  p.e  h  a ture  .01  f f ek  enc  l_ 

UETREEN  THL  CENTER  OF  THE  SLICt  AND  THE  AMBIENT 


ALPHA. 1 1.1  -  -* _ IHEJLN AL  .0  LF.F  U.S  LV  1  J.Y..  -  QF_  Si.Ll.CUN _ _ 

T  •  TIME  IN  M1CR0SEC0N0S 

FA . .  FtDLTAl  IN  THE  B  INAHI ...Li Mi  TS  APPKOi HAI1UN.  USlO.TU. - 

CALCULATE  THE  OLTA(I). 

...  EAS11J  ^-EFFECTIVE  THICKNESS  OF  THE  SLICE  UNOEK  iMMEOlAJE-  - 
CONSIDERATION.  EKSUI  ■  X  /  ^  •  ALL  OTHER  EKSU)bX(I) 

AU  ) - «. .  J-HE- -COEF  IClfcNT-S  OF-  THE  LAP KLS  S-I  ON — T MLJ  A+U - 

Ul  1  )  ■  THE  EXPONENT  ASSOCIATED  AllH  TnE  TIME  OF  DECAY 


"'V/  . 


.All ) - 

U  I  I  I 


THE  PROGRAM  IS  SELF  CHECKING  TO  PREVENT  LU.OP  I  NG.  I N  iHt  CALCuL A T  ION _ 
OF  THt  DLTA(I).  FLAGS  ARE  PRINTED  IF  CERTAIN  CRITERIA  ARE 

-Nllt-HCr*  _ THE  -PNOGRAM  AllEMPiS.  ALL  -OF-i-HE.  LUA1U .  .FUn  .LALH — 

SET  0)  H,  hi  AND  A,  BUT  WILL  NOT  TRY  TO  CALCULATE  THE  AII),U(l)i 

OR.  . . The  tH6TA.II)  FOR  THOSE  VALUES  f  .0.8  _RMLCH.-T.Ht.  JILT  All )  . 

ARE  UNSUCCESSFUL.  THE  PROGRAM  THEN  TERMINATES. 


.  i  NP  U.I-  ClA  I  A.  AS-  F  QLLOILS 


, ... 


T&A>4' 


c 


2220 


BEAt-  HiniLni.itiiLtj^sfHTi  m_>ii)iau»j>a.ixsu.-iiCRmticiuii»JU«j - uuo — 

REAL  ]NPTS( 2000) ,01  A (9) ,HATL ( 10)  ,KA ( 101 ,KHO( 101  ,H( 10) ,SPhT ( |U I  1012  V 

_ REAi _ ALPHA  11  0  )  ,  DLOKLB  ,  DUPER  ,DLTAA,FX,DLIA(iO,bU)  .All-0.  SU  )  UU-9 

RE  AC  0(10, 50),  THE  TAZ.THETaIUO,  2500),  T  HE  TA21  I  0,2500)  ,  THE  101,  THE  102  1016 

.  —  IfilEGAR  Nl  x£L»P.P&.»1.W.TT  , POINT  V.»NJ»N9  ,  PEttT  0Q,N5,UL1H,MaI  ,JE.NR* . . -lO 20. 

INTEGER  1DENT19)  , B , KC , KB , T , M A  X  ,  N2  ,  N6  ,  K 0  1022 

READ  AND  STORE  ALL  Qf-  .IHE.  ■NAIER1  AL5  PAR AMETEHi, _ 2020 

READ  1001  (MATRILI 1 ) , I0ENT1 I ) ,KA1 ( 1  ) ,SPHT 1  I  1 )  ,RH01 ( 1 ) ,Hl ( 1  )  ,  1>1  ,9)  1090 

.  ..  READ  .1012  .(  NCSHNT  (J  It  1“  1,90)  _ _  _ _  _  _  1050 _ _ 

READ  1  Ob  1  INI  ,PL,PPS,T1  .TT.POINTV  )  1060 

...92  l  IT  »  1000a.2L.I1 _  _  -  - - - - -  2020 - 

N6  •  PO INTV  /  T 1  107b 

— calculate  -The — incremental  temperature  4n~jmil-sil icon  crystal - i-oau - 

DUE  TO  THE  CONDUCTING  PULSE  1061 

_ PERIODS  1.E6  /  PPS. -  -  -  -  -  -  2000  ... 

NA  ■  PL  /  T l  xOlU 

. NH-s  J'-EHIOO  2  T-1 - -  — -  - -  -  - - 20221-  ~ 

Nb  »  1  2030 

— PK4NT — 10021NA4R1  l+T^WEN+U^LA  H14-rAP4H2-l-41*RH©44l-)-rH4  (44r4*4r01 - *021 - 

PRINT  1012  (NCRHNTU)  ,  I-l  ,90)  2031 

-  PRINT  2051  INI  , PL, PRS.Tl  .TT.POINTV  1  -  -  - 2031  - 

PRINT  2U3 1  (N2.N6, PERIOD, N3.N9  )  2031 

...00  201  K  ■  2,-  N-9  -  •  -  - .  -  -  -  —  -  -  .  ..  — 

1NPTS1K*  ■  0.  20bb 


2060 

.  - 2090 - 

2100 

- 2240 - 

2120 


ULIM  ■  NS  ♦  Tl  -  1 

- DO- -22  1  J  «N5 ,  UL2  M 

INPTS(K)  ■  NCRMNTIJ) 

CONTINUE.  _ _ . _ 

Nb  ■  NS  ♦  Tl 


PRINT  1012  ( INPTS(K)  ,K«l  ,N9» 

_ P.R  IN  1-12)32 _ _ _ 

C  INPUT  THE  MATERIALS  IN  ORDER  FROM  THE  CENTER  OUT.  ASSIGN  PRuPtR 

S _ VALUES  IQ_  T  HE.  PARAfiEJXRS  AND.  .  CALCULATE.  -THE — ALPHA'S — AND  -A2.a _ 

00  131  MAT  •  1,  N 1 

MATL(MAT)  -  MATR1L  (JERRY) 

_ KMMAT) SK A  l.ljtERR  I  1...  _  _ 

KHOIMATI  sRHOHJERRY) 

_ .(HfiA.ll _ fifiUOJERML.  _ 

SPHI(MAI)  -SPHTl (JERRY) 

_ If  1  MAT  «EB  ._■!  .)  1_.P - X—/2 _ 

ALPMAlMATI  •  K A (MAT  1  /(  RHOIMAT!  *  SPMTIMAT1  ) 

_ PAl  NJ _ I.09J  ..<Mft.T  LiilAD.  f JiA*  (1  AT  J.  •  RH  9  J.M  AT.  li*  LMU.«  s  PfiT.liLAJL)  IfiAli  j. 

(  mat, jerry, oiaimaT) .alphaimati  » 

_ >  3.1 CONTINUE _ _ _ i _ 

C  CALCULATE  THE  OLTA'S,  A«S,  AND  THE  U'S 


2190 

- 2220 - L 

2160 

- 2290 — 

2200  >■ 


_ 2220 _ L 

2290 

_ 2250  __ 

226U 

_ 2220 - - 

2260 

LfiAtlx _ AiUL-iSR 

2291 

J _ 

2310 


2330 


PH  1  NT  1 1)7  1  t  H(HAT )  ,KA(MAT ) ,X (HAT ) , ALPHAIMaT )  ,HATL(HAT ) 

_jyusLi.jo.8i  ....  ..  .  .  - 

00  17b  J  -  1 ,  bO 

_ .OEO.AR I J  -I  J..  9  3.1*115927  ♦  l.OE-K  -  -. 

DOPER  •  (2  •  J  -  I  »  •  1.5707963  -  l.Ut-9 

1 _ PLTAA  ■  1  011P-£H  _6_DLfl*R  _1  2-2 - - 

IF  (ABS  (  OUPER  -  0L06R  )  .LT.  l.OE-5  >  Gu  TO  125 

_ fj>  ■  ((  KAIHATl  6  OLT  A  A  )  /  ( H  ( MAT  1  •  MHAI)  1)  _ 

1  (  COS(DLTAA)  /  blN(OLTAA)) 

_ if  .  ..  (_  J.  .EU. ...  54.. -A  50  TO  505  .  -  : 

IF  (  AB5  I  FA  )  .LT.  1 .E-S  >  60  TO  125 

_ If Lf  XI — 3.5*. .  1 .25. ,  —25  ..  - - - - - 

i  OOPtR  ■  DLTAA 

_  60.  TO  20.  . .  . -  -  - . 

»  0L06R  «  DLTAA 

.  . . .40.  T-0  20 . . .  -  .  ... - 

>  PRINT  2001.  3.  DLTAA 

i  DLTA(MAT.J)  ■  DLTAA 

>  _ CO  Mil  NOE . . . - . 

IF  I  d  *6T.  0  )  60  TO  600 

.  _ DO.  ISO  ..  J  -6.--U  .50  . . — . . 

A(MAT.J)  ■  (SIN(DLTA1NAT ,J) )  1  /  ( 1 S l N ( OL T A ( M A T  , J 1 ) 

.1 _  _ _ — -ICO 5 1  0LTA4HAT.3)  1  1  .♦  3LlAiAAU314- 

U(MATiJ)  •  (((  OL  T  A ( HAT • J 1 )  ••  2)  •  ALPHAIHAT1)  /  ( 

)  ..  _ CONTINUE  ......  .  _  -  .  . -  — . - . 

PRINT  1091  (  J  ,DLT A (MAT , J) , A ( MAT , J)  .U (HAT  ,  J) ,  J  >1,50  ) 

)  CONT  INUE  .  - . — . -  - . .  .  .  . .  - 

KD  »0 

PRINT  2011 

.-00.  300 . K..  »-  i.»  M2.  - - - - - -  . - -  - - - — 

KB  ■  K  -  1 

_  JLC  .«  KC  6.1...  ....  — . . .  .  ■  - 

KO  ■  KD  ♦  1 

- l_«.xi-6_x - 

00  J2b  MAT  ■ 1 . N 1 

_ MAX..*  .NA.T  -  .1 - - - - - - —  - 

IF  (  K  •  EU  «  I  • AND •  MAT  .EQ.  1  )  THETAZ  -  20.96 

_  If-I.  s.  •£.*».  _1.  »ANO«  MAT  i  ...THEJ.AX..-  (U - 

IF  (K  • 6T «  1  .AND.  KO  .NE •  N9  .AND.  MAT  .EG.  II  THEtA 

-L _ IidUUUMJ - - - 

IF  (KO  •  £«•  N9  .ANO.  MAT  .EG.  I)  THE T A2>THET A 1 ( I .Kb  1 

_ lf_(  R,...jS.T  ♦  „L_  «.AN.P  »  MAT  .61.  1  ..J  IH£IA21BAA 

ThEtAl (MATtK)  -  0. 

. .THETAXIHAJaKI  rnjjt - - - 

DO  350  J  ■  | ,  30 

- - UA  «J.UlJl _ U*.l.»f>.6 - - - 

IF  (UA  • 6E  *  60.  1  60  TO  360 

IF  (UA  . G£ • _68 1  .AND.  .  RJ  J  1  •kl».  Jl«£“8  *4 -JP-  3*0 

T  HE  TO  I  ■  2.*  TMETAZ  •  AlMAT.JI  •  E*P(-(  0(MAT,J)  • 

»  .....  - . .  ))..  .  . .  . . — .  ...  -  - 

THE TAl  (MATtK)  •  THE T A  I ( M A T  ,  K 1  ♦  THET01 

- I31E.tQ2.-6_T HEIDI..  *  ..C05ULJ  A  (HAJL.UJ.I - 

THE T  A2 ( HAT  i K  >  •  THETA2 (MAT  ,  K  )  ♦  THE T02 

J  continue  . . .  . . 


2570 

_ 2560. _ 

259U 


♦  20.* 

•  K.0  I  .. 


2760 

. 2AuO - 

282  0 

- 2560..  - 

2860 

_ 2UO. — 

2800 

_ 2920 - 

2930 

- 2E-U-— 

2990 

..._2-9.AU-  __ 

2960 

. 3U011 - 

3020 


T  I  •  1< 


3032 

3090 


mrs  rise  i?  srsr  »uu.m  '■< 1 


continue 

_ _ IF  IKC  «EO»  N4  1  6Q.  .TO  SOU  - - -  - - - - 

;  k  60  TO  325 

,000  PRINT  2Q2-1._  I  T  .  IHE.UL1  IMA  T  .  K  I  .  THE  T  A2  IN  AT-jKJ-tHA-TLTiiA-IJ-  -1  ....... - - 

325  CONTINUE 

_ 'IF-  J-ED-»&&«  K-D.-iP-  -0. - - - 

FflT  IF  ( KC  .£«.  N61  KC  •  o 

,  60  TQ  .30.Q _ _ _ _  .  - - -  - - i -  - 

f-H'-  '300  CONTINUE 

FlttMAl. . (A&4  ..li*.  -SF-IO^S  »  .  —  - . .  . 

1012  FORMAT  C8F10.S) 

1021  format _ 1_LSl.  ZF-LOjuS.  l___  - - -  - - - - 

1031  FORMAT  (/•  MATL*,SX,*  KA*.6X,*  RH0*»7X,*  H*,6X,*  bPMT X*i 

__ _ I-  . .  10X,*  MA£*-»i»A.*  JERRY  *  *  *  D1A*,6A.,*  ALPHA*  )  . . 

ION  I  FORMAT  I  a5 •  SFlO.5,  2UU.2F10.5  ) 

_.  -LOS-1  FORMAT  (  .615  > - -  _  -  .  -  - 

1061  FORMAT  «  •  CALCULATED  VALUES  OF  TEMPERATURE  PULSE  FOR  UNt  PtRlOuM 
1 02.1. FORMAT  .LLHT.»-3JUl-TlALl_tJL7-«Jl  »  •  --K A* -  A»*»f  7-^H.,  t_ALPHA**-r3-^-A,  - 
l  •  MATL  IS*  » Ab  /) 

_ lOAl  -FQRMAl  1.-I-2X,.*.— J*4-*X,*  0LTA1J1  *,tOX,*  Aljl  J  ,4-0* ,  1--UT  JL  «/-4—  -- 

10V1  FORMAT  (  10X, I3.3E18.5  ) 

_ 2001  *ORMAl  (  -•  OLT  A  -FAILS  TO  CONVERSE  FOR  Jml^li-,*  ULT  A»  *  (f 1 0*5  -1 - 

2011  FORMAT  (1H1»5x.*  T'i12X,<  THETAI*,5X,*  THET  A2  *  »  •  MATERIAL*  I 

_ -2021  -FORMAJ  -l— L1-Q-*  _2Al‘U5tA7l - - 

2031  FORMAT  1 3X  »  *  N2»  *  *  1 7 i '  N6«».lS,*  PERIOO-*.  116  ,*  N3-*»15, 

_ L _ 1.  ...  — .*—  NNa*_».T5  3  .  — ...  .  - . . . . .  ~  . . 

20N 1  FORMA  1  <  3 X  » •  THE T AZ» • • F I  0 . 6 , •  T HE T A  1 ■ • , F 1 O • 6 . •  THET a2» *  ,F  l  0 .6  ) 

_ 20.S1-J-QRMAT  ISA,*  M1jl**13l,*  PL-*.l3,*  PPS-*  «  1  •  T  i«-*-»l5«.*  I-T*  •  , - - 

I  15,*  P01NT»«*,lbl 


3125.-.;. 
3130.  ■’>% 


3  1  32  .;'s 
33.3  H.& 
3 1  HO 


3170^; 

\  t  un  '  i 


32605;* 


2031  i; 


WAT 


—  3  ^  ^ 
>  3  9-  >4 
<*»  ifl  > 
3  *  T  Jt 
■  Jl  4  - 

•  •  •  • 


3  3  3  3 
3  3  3  ^ 
3  3  3  3 
3  3  3  3 
3  3  3  3 
•  •  •  4 
j)  J)  J)  J) 


tfj  ^  rs. 


« 

>-  o 

h-  3 

3 

I  3  3 

3  3 

i  ^  • 


,-33 
O  O 
.0—0 
3X3 
a/  3 

!  • 

H 

J)  — 
i  X 

a. 

3 

3  3 

'r  i  a 
-o  3 
*  Z  3 
.  3  • 

0.  3 
3 

!  '/>  — 

3 

■  3 

:  —  Q 

.  Z  N  3 
<M:  O 


82  i  I  !  !  I  i 

l*Ifl  Pill  IS  5*SI  QUALITY  Pi 

,'JV  'VI  Ojv  1  f  .»*;  ••*?.  T*t>  MQ 


jL 

ju.aueaM* 


li 


! 


T 

rut  r a  i 

THETaZ 

MATEN 1 AL 

.  .  .  &Uu . 

17. 3619b 

19.39163 

bl 

SUu 

•uuuuu 

•UUUUU 

Pb 

_  ..  _...  .  SUU _ 

.UUUUU 

•UUUUU 

MU 

- -  ... _ 

SOU 

. uuuuu 

•UUUUU 

6E 

SHU 

.  .uuuuu 

....__  .UlUUUU  . 

.  .  .  CU 

IUOU 

lb. IU/69 

12.99393 

bl 

....  tfiOO _ 

..  1U.H9U33 

9  .  9S9Z3 

Pb 

-  -  -  ....  ... 

10UU 

.uuuuu 

•UUUUU 

MU 

.  ....  1UUU 

•uuuuu 

•UUUUU 

bE 

• - 

1  OUU 

• uuuuu 

• uuuuu 

UU 

Lb  00. . 

.12.96239 

1  U  •  7.3  7  6  6 

Si 

1  bUU 

9.U1993 

3.62736 

PS 

IbUU. 

Z • b6  3 36 

.97996 

MO 

. 

IbUU 

•UUUUU 

•UUUUU 

BE 

IbUU. _ 

•uuuuu 

•UUUUU 

CU 

20UU 

Zb, 73/29 

23. 76696 

SI 

. 2.0110- 

7  .  7  Ht>  ;  b 

Pb 

2U0U 

Z.ZUZ/2 

•  d  H  1  6  6 

MO 

_ _  2UOU _ _ 

.73296 

.93139 

6E 

- - 

zuuu 

. UUUuO 

•uuuuu 

CU 

.  _ . .  zsuu  - 

29.69920 

ZU. <12969 

SI 

--  —A— 

ZbUU 

1  7. 19668 

7.26U39 

PS 

. 2iOU_ 

1  -  — 

...  *  7 232  M- 

MO 

ZbUU 

.62969 

.36789 

bE 

2 bug  ..  . 

. 1 1B9S 

•  02996 

CU 

-  _ 

3Uuu 

21.21999 

17. 3312b 

SI 

_  ...  _  3UUU _ 

19.73929 

6.23623 

PS 

_ 

30UU 

9 • 1696/ 

1 .6U093 

MO 

auoo 

_  ...•.bH  1  2J  . 

.  3J.326 

.  ..  . - 

3UUU 

•  1 U 1 7b 

•  U2b  7  6 

CU 

_ _ _3bOO . . 

16.23997 

lb. 06197 

Si 

_  _  .  _ _ 

3bUU 

1 Z. 66 1 3U 

b. 37603 

PS 

_ _ _ _  3bUU _ 

_ 3.6UU39 

l .3737 1 

MO 

_ _ 

3sUU 

1 . 1 VbUb 

.73773 

BE 

IbUU 

•  flH  7  H  6 

_  _ .n72l. 

_ CU  - . — 

900U 

33.2SU99 

27,30191 

SI 

mu  go 

1U, 6/996 

9,61967 

PS 

9U0U 

3 • U  9  3  bb 

1.16216 

MO 

....  ....  . .  9  0.11  U _ 

1.U2999 

..  ..633  9  9 

9  OUU 

. 1936U 

.09901 

cu 

2b  9  ±7Z*i± 

23. .1261 

...  s  1  . - 

9SUU 

19.63937 

6.9239b 

PS 

MbUU. . 

.  Z  •  6  b  b  3  7 

.  1.03  36  9 

..MO 

93U0 

• B696S 

.  3997b 

BE 

9S0U 

.  .1663/ 

.  .0921  1 

_  CU . . 

bOOU 

29.3S233 

ZU. 30772 

SI 

bUUU 

_  7.23677 

.  -EjS-  ...  ...  . 

bUUU 

9.69  7b9 

1 ,63236 

MO 

bUUU 

•76UI9 

.9661  1 

BE 

bUUU 

. 19296 

•  U  36  1  9 

CU 

bbUU 

21.U9620 

1 7.93060 

Si 

bbUU 

1  9  .  6  9  9  7  6 

6.22039 

PS 

bbUU 

9  •  J 6363 

__J  tb.9J.77 

.  M.U  - 

bbUU 

1 • 3B6Z0 

.63339 

BE 

•h. 

bbUU 

. 1 ZZbb 

.03110 

CU 

183 

„ . .---srr" 


L 


•:  1 

*1 


mm _ » 


nfp— -  -■ 


■rtf. 


— - - 

■ 

60UU 

3b.  711 32 

29.53729 

SI 

.... . . .  .  BQVW. . . 

12.5 668/ 

5.39519 

PS 

6000 

3.579/9 

1 .36762 

MO 

_ _ _  ...  5000 _ 

1.1VI  17 

.73350 

Be 

_  _ _ 

6000 

. 229u 1 

.05670 

CO 

_ _  _ 65.UO _ 

30  >687  U.H .  .._ 

i5  <-181.65 . 

.  54 . -  ..  ...... 

6500 

21.30788 

9.U9739 

PS 

_  65Q0 _ 

3*07  610 

1.17536 

MO 

.  .  ..  _ _ 

6500 

1.02359 

.63030 

be 

. . . 65  00 .  ... 

. 1929y 

.  U9 6  7 3 

CO 

7000 

26.36989 

21.81067 

SI 

.  ..  7 UOU _  . 

16. 3 1 U  0  9  .  . 

.  7.77950 

Pi. . 

'  i 

7000 

5.20687 

1.96997 

MO 

* 

_  _ _ ...  7000 _ 

.6/958 

.59162 

ae  . 

..  « . ........  - 

7000 

. 16591 

.0916/ 

CO 

.  ...  .  .75.00 

22.65965 

16.79209 

SI 

...  ... .M.  _ 

7  bOO 

15.73397 

6.66070 

PS 

7bUU 

«i  •  *t  7M  1  H 

1  •  /  0  9  b  7 

WO 

7  bOO 

1 . 98879 

.91676 

Be 

. . 7500 _  . 

.  19219 

. .03598 

cu 

8000 

37.05309 

30.69709 

SI 

'X.' 

_ _ a  oo  o _ 

13.52039  - 

. .  .5.7  90 7.8 

PS  - 

. , . „ ...  _ — _ l.'l 

8000 

3.89967 

1.96905 

NO 

... .  dxiaa _  __ . 

W7  9U . 

...  ..  +JA27& .... 

§£  . .  _  .  _  .  .  . 

8000 

•29059 

.06090 

CO 

. 8500. _ 

31.69003 

.26.33530 

SI- 

_ _ 

8500 

22.10697 

9 . 387  33 

PS 

...  __  ..  _ 8500. . . 

3.30376 

1.26237 

MO  . 

..  «...  . 

8500 

1.09939 

.67695 

Be 

.  5500 _ 

•  4dOtt7H  ... 

C  U-  - 
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APPENDIX  II 

VOLTAGE  CLAMPING  CIRCUIT 

When  the  thyristor  Is  in  the  blocking  state,  a  potential  of 
the  order  of  2000  volts  is  impressed  across  it;  shortly  after  the 
thyristor  is  fired,  the  potential  across  it  is  a  few  volts  or  a  few 
tens  of  volts.  The  voltage  as  a  function  of  time  is  a  very  important 
parameter  in  thyristor  design  and  application.  An  oscilloscope  is 
used  to  provide  a  voltage  versus  time  trace. 

The  Tektronic  oscilloscope  specifications  state  that  the 
recovery  time  of  the  instrument  when  heavily  saturated  is  of  the  order 
of  1  ysec.  It  has  been  found  in  the  present  work  that  attempts  to  read 
voltage  after  the  oscilloscope  amplifiers  have  been  overdriven  results 
in  a  d-c  offset  in  the  reading  for  the  entire  40  usee  pulse. 

In  addition,  above  600  volts  across  the  device  under  test, 
either  a  clamping  circuit  or  an  attenuator  must  be  used  to  prevent 
damage  to  the  oscilloscope  probes.  Higher  voltage  probes  are  available 
but  do  not  have  a  sufficient  frequency  response  for  readings  on  the 
high  speed  transients  encountered  in  this  test  program. 

This  problem  was  discussed  extensively  over  a  period  of 
several  years  with  representatives  of  high  technology  instrumentation 
manufacturers  such  as  Tektronics,  Hewlett-Packard,  Biomation,  and 
Nicollette.  None  have  been  able  to  recommend  an  effective  piece  of 
equipment  or  approach  for  a  reasonable  cost. 

The  approach  taken  to  partially  resolve  this  dilemma  was  to 
design  and  fabricate  a  voltage  clamping  circuit  as  shown  schematically 
in  Figure  II-l.  The  clamping  circuit  is  to  the  right  of  the  vertical 
dashed  line.  The  portion  of  the  schematic  to  the  left  of  the  dashed 
line  indicates  how  the  voltage  clamping  circuit  is  connected  to  the 
device  under  test  and  the  relationships  with  the  pertinent  parts  of 
the  rest  of  the  test  circuit. 

The  Kelvin  probe  connections  across  the  device  are  connected 
to  the  clamping  circuit  and  to  the  oscilloscope  through  differential 
probes  to  observe  the  voltage  decay  across  the  device.  The  oscillo- 
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Figure  II-l.  Schematic  diagram  of  voltage  clamping  circuit. 


scope  is  grounded  to  the  coaxial  resistor  ground  which  is  ground  for 
the  entire  system.  The  differential  probes  are  tied  common  at  the 
probe  ends  of  their  respective  coaxial  cables  as  recommended  by  the 
instruction  manual  for  the  Tektronix  model  7A13  differential  comparator. 

The  sequence  of  events  is  as  follows:  The  pulse  forming 
networks  (PFN's)  are  charged  to  the  voltage  to  be  blocked  (up  to 
2000  volts)  which  is  sustained  by  the  device  under  test.  The  PFN's 
immediately  start  to  discharge  through  Rq,  R^,  V^,  B^,  and  R^;  however, 
R^  is  the  only  significant  resistance  in  the  circuit  so  that  essentially 
all  the  blocking  voltage  appears  across  R^.  The  voltage  at  the  oscillo¬ 
scope  differential  probe  will  be  negative  with  respect  to  ground  and 
will  be  that  of  the  battery  clamping  voltage  plus  the  drop  across 
(<v  15  volts  over  a  wide  current  range).  When  the  device  fires,  the 
voltage  at  the  cathode  Kelvin  probe  immediately  starts  to  decay  from 
its  large  negative  value  toward  zero  decreasing  the  current  through 
Rl»  Vr  (i.e.,  the  device  under  test  essentially  "shorts  out"  this 
parallel  leg) .  When  the  voltage  at  the  cathode  Kelvin  probe  drops  below 
the  sum  of  the  voltage  to  sustain  in  the  conducting  state  plus 

voltage  B^,  shuts  off  and  looks  like  a  very  large  impedance  relative 
to  R^  so  that  the  oscilloscope  input  is  effectively  connected  directly 
to  the  cathode  Kelvin  probe  through  a  5  kohm  resistor. 

This  approach  still  does  not  provide  instant  response  for 
two  reasons:  (1)  No  voltage  change  is  sensed  until  the  voltage  across 
the  device  under  test  is  low  enough  that  the  tube  ceases  to  conduct. 

This  requires  the  major  part  of  the  fall  time  of  the  voltage  transient 
and  is  believed  to  be  of  the  order  of  50  nsec.  (2)  The  tube  capacitance 
(and  all  of  the  distributed  stray  capacitance  of  the  comparatively  long 
('v  1  meter)  sensing  leads  of  the  clamp  circuit)  must  discharge  through 
the  5  kohm  resistor.  This  requires  about  20  nsec  per  pf  to  be  within 
2%  of  the  true  voltage  value,  and  although  the  tube  interelectrode 
capacitance  is  small  (5  to  8  pf),  that  of  the  rest  of  the  circuit  is 
not.  The  total  capacitance  may  well  be  several  hundred  pf,  leading 
to  delays  of  the  order  of  a  few  microseconds.  The  voltage  traces 


taken  with  the  clamp  circuit  are  so  noisy  for  the  first  5  psec  that  the 
operation  of  the  clamp  circuit  in  this  time  frame  at  the  full  operational 
voltage  is  difficult  to  determine. 

The  technique  described  above  successfully  provides  for 
accurate  voltage  readings  within  a  few  microseconds  of  the  transient  by 
preventing  saturation  of  the  oscilloscope  amplifiers.  It  also  protects 
the  oscillograph  probes  by  limiting  the  input  signal  voltage  to  a 
preselected  value.  Battery  voltages  of  45  and  90  volts  were  used  in 
the  present  program.  The  battery  can  be  replaced  by  a  variable  power 
supply  so  that  the  clamping  level  is  adjustable.  This  has  the  advantage 
of  permitting  one  to  experimentally  determine  the  earliest  time  at 
which  a  voltage  value  can  be  determined  with  confidence.  Varying  the 
clamping  voltage  should  not  vary  the  voltage  reading  for  times  greater 
than  that  required  for  the  recovery  time  of  the  circuit.  The  shortest 
time  for  which  the  voltage  value  is  unchanged  as  the  clamping  voltage 
is  varied  is  thus  the  earliest  reliable  reading. 

The  problem  still  has  not  been  solved  of  accurately  measuring 
a  small  voltage  immediately  after  a  very  large  voltage  is  impressed 
on  the  sensing  circuit.  A  redesign  of  the  thyristor  mounting  technique 
and  of  the  Kelvin  probes  and  associated  leads  to  the  oscilloscope 
could  improve  the  present  situation  somewhat.  If  such  a  redesign 
permitted  the  use  of  the  oscilloscope  in  the  single  end  mode,  rather 
than  a  differential  mode,  the  oscilloscope  response  would  be  improved. 
However,  it  is  not  believed  that  the  oscilloscope  response  is  a 
limitation  at  present  if  amplifier  saturation  is  avoided. 
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PURCHASE  SPECIFICATIONS  FOR  100  mJ,  50  Hz  Q-SWITCHED  LASER 

1.  SCOPE 

1.1  This  specification  describes  the  desired  performance  of  a 
Q-switched  Nd:YAG  laser  operating  at  1.06  pm  with  an  output  of  100  mJ 
at  a  repetition  rate  of  50  Hz.  The  vendor  is  asked  to  respond  with  a 
state  of  the  art  system,  the  performance  of  which  can  be  demonstrated 

by  completed  equipment.  When  the  equipment  does  not  fulfill  a  particular 
requirement  listed  below,  the  vendor  is  required  to  specifically  say  so 
and  list  his  own  specifications.  Only  minor  changes  in  present  systems 
should  be  undertaken  to  fulfill  the  requirements.  No  major  development 
work  should  be  considered. 

1.2  Design  features  that  may  improve  the  operational  capability 
or  reduce  the  cost  of  the  facility  are  requested  and  should  be  noted  in 
the  quotation. 

2.  EQUIPMENT 

All  equipment,  such  as  laser  head,  power  supply,  cooling  system 
and  interconnecting  hoses  and  cables  necessary  for  generating  a  laser 
beam  with  the  characteristics  described  in  Section  4  will  be  provided 
by  the  vendor.  The  following  points  are  specially  noted: 

2.1  Output  Energy  Monitor,  such  as  a  photodiode,  which  continuously 
samples  the  output  energy.  The  monitor  shall  provide  an  output  which  can 
be  displayed  on  an  oscilloscope  or  as  an  added  option  (separately  priced) 
on  a  panel  meter. 
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2.2  PFN  Voltage.  A  display  of  the  pulse  forming  network  (PFN) 


charge  voltage. 

2.3  A  Pulse  Counter  for  monitoring  total  number  of  laser  output 
pulses. 

2.4  An  Internal  clock  which  provides  several  discrete  repetition 
rates  between  1  and  50  Hz  or  continuously  variable  between  0  and  50  Hz. 
Specify  rates  if  discrete. 

2.5  A  terminal  for  externally  triggering  the  laser  in  the  range 
from  1  Hz  to  50  Hz.  Specify  trigger  voltage,  rise  time,  and  impedance 
requirements . 

2.6  If  power  supply  does  not  automatically  maintain  laser  energy 
output  with  changing  repetition  rate  and  component  aging,  an  external 
control  allows  the  operator  to  do  so.  When  repetition  rate  is  changed 
without  adjusting  pump  energy,  specify  expected  variation  in  laser 
output  energy  over  the  range  of  1  to  50  Hz. 

2.7  An  aperture  (or  other  means)  in  the  laser  resonator  for 
adjusting  the  laser  to  TEM00  output.  Vendor  shall  state  energy  output 
obtainable  (which  is  expected  to  be  less  than  the  0.1  joule  specified 
for  multi-mode  operation) . 

2.8  A  He-Ne  laser  beam  aligned  with  the  optical  axis  of  the  YAG 
laser  output  beam.  Preferred  source  of  He-Ne  beam  is  located  inside 
the  laser  head,  but  can  be  located  externally  with  adequate  optics 
provided  to  introduce  the  He-Ne  beam  coaxial  to  the  YAG  laser  beam. 
Price  quote  either  or  both  of  the  above  approaches. 

2.9  Instruction  Manual  to  include  the  following  as  a  minimum: 


2.9.1  Complete  schematic  diagrams  of  all  circuits 

2.9.2  Mounting  and  cabinet  dimensions 

2.9.3  Laser  specifications 

2. 9. A  Alignment  procedure 

2.9.5  Flash  lamp  replacement  procedure 

2.9.6  Block  diagrams  and  general  description  of  circuit 
functions  and  operation 

3.  CONFIGURATION  AND  SIZE 

3.1  It  is  anticipated  that  the  He-Ne  laser  and  the  YAG  laser  be 
one  unit,  which  by  an  unbillcal  cord  is  connected  to  the  power  supply 
cabinet  and  cooling  system. 

3.2  The  unbillcal  cord  should  be  of  a  length  consistent  with  sound 
engineering,  but  not  less  than  8  ft. 

3.3  The  laser  head  should  be  of  a  sound  design  capable  of  fulfilling 
the  specifications  in  Section  A  in  a  laboratory  environment  without  the 
need  for  special  vibration  damped  tables  or  frequent  realignment. 

3. A  All  optical  components  must  be  shielded  by  dust-tight  enclo¬ 
sures  to  protect  optical  surfaces  against  contamination. 

3.5  A  control  cabinet  on  which  is  mounted  all  control  switches, 
knobs,  selectors,  pushbuttons,  panel  meters,  indicator  lights,  warning 
lights. 

3.6  The  control  cabinet  should  have  a  large,  clearly  visible,  red 
"panic"  button  for  closing  down  the  laser  and  discharge  all  circuits  of 
significant  voltage  or  current. 

3.7  The  control  cabinet  should  be  mounted  on  wheels  or  rollers. 

3.8  An  outline  drawing  of  the  equipment  showing  mounting  holes, 
dimensions,  etc.,  will  be  provided  by  vendor  at  least  one  month  before 
delivery  of  system. 
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4.  LASER  SPECIFICATIONS 

4.1  Output  wavelength  1.06  pm. 

4.2  Output  energy  at  all  repetition  rates  between  1  Hz  and  50  Hz 
must  be  100  mJ  per  pulse  or  more. 

4.3  Maximum  energy  variation  between  pulses  over  a  period  of 
5  min,  after  a  2-min  warm-up  period,  should  be  5%. 

4.4  Output  should  be  Q-switched  with  all  energy  in  a  single  pulse 
of  typically  20  nsec  halfwidth  or  shorter.  Any  additional  pulses 
emitted  by  the  laser  (i.e.,  as  a  result  of  Q-switch  ringing)  must  have 
a  total  energy  of  less  than  1  mJ. 

4.5  Time  between  output  pulses  from  the  laser  shall  be  ^  ±  2  psec 
variation,  once  the  nominal  repetition  rate  is  established. 

4.6  The  output  of  the  laser  shall  be  polarized  with  the  E-vector 
in  the  vertical  plane. 

4.7  Beam  Divergence.  Vendor  shall  specify  beam  divergence,  beam 
diameter,  and  beam  stability.  Vendor  shall  also  specify  how  these 
parameters  are  to  be  measured,  including  equipment  to  be  used  and  the 
geometry  and  spacing  of  components. 

4.8  All  optical  components  shall  be  guaranteed  for  one  year  or  10  ^ 
laser  pulses,  whichever  comes  first.  All  other  components  shall  be 
guaranteed  for  one  year.  Any  exceptions  shall  be  specified  by  the  vendor 
and  the  expected  life  shall  be  stated. 

4.9  The  cooling  system  must  be  dimensioned  to  permit  continuous 
operation  of  the  laser  within  the  specifications  outlined  in  this  section. 

4.10  Construction  of  the  laser  head  shall  facilitate  change  of  the 
lamp.  Realignment  feature  must  be  specified  and  not  unduly  complicated. 

It  is  preferred  that  no  alignment  be  necessary. 
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4.11  Power  Input.  60  Hz,  3-phase,  WYE,  208-volt  preferred.  60  Hz, 
1-phase  120-volt  acceptable. 

4.12  Cooling  System.  Vendor  shall  specify  options  available  and 
price.  Buyer  has  available  recirculating  water  for  use  with  heat 
exchanger. 

5.  SAFETY  FEATURES 

5.1  Interlock  for  preventing  accidental  access  of  lethal  voltages 
and  currents. 

5.2  Warning  light  outlet  which  is  energized  when  laser  power  supply 
is  turned  on,  in  addition  to  a  warning  light  on  power  supply. 

5.3  Interlocks  to  protect  laser  head  and  electronics  from  damage 
caused  by  operator  error  or  equipment  failure,  i.e.,  coolant  flow  and/or 
temperature  interlocks. 

6.  ACCEPTANCE  TESTS 

6.1  Acceptance  tests  and  equipment  demonstration  will  be  conducted 
on  the  Total  Laser  System  at  the  vendor's  plant  as  follows: 

6.1.1  The  vendor  shall  notify  the  purchaser  at  least  one  week 
prior  to  completion  of  the  facility  and/or  scheduled  start  of  acceptance 
tests. 

6.1.2  The  vendor  shall  set  up  and  perform  all  necessary 
demonstrations  within  his  plant  with  his  people  to  prove  that  the  equip¬ 
ment  meets  this  specification. 

6.1.3  The  vendor  shall  make  available  all  necessary  equipment 
over  and  above  that  being  tested  which  is  necessary  to  perform  the  final 
acceptance  tests. 
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6.1.4  The  equipment  shall  be  demonstrated  actually  lasing 
under  the  conditions  expressed  in  H4.1  to  4.5  for  5  min  at  each  of  the 
repetition  rates  to  be  specified. 

6.2  The  output  energy  of  100  mJ  or  more  shall  be  demonstrated  by 
use  of  a  reliable  thermal  pulse  energy  calorimeter  and/or  a  thermal 
average  power  meter. 

6.3  The  pulse  shape  and  stability  of  the  laser  shall  be  demonstrated 
on  an  oscilloscope.  Rise  time  on  detector-oscilloscope  combination  shall 
be  10  nsec  or  better.  This  demonstration  shall  be  in  accordance  with 
Section  4.3. 

6.4  Demonstration  of  the  beam  divergence  shall  be  in  accordance 
with  the  specifications  outlined  in  the  vendor's  quote. 
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PULSED  POWER  SUPPLY  TEST  CIRCUIT 

IV- 1.  Introduction. 

The  needs  of  the  Light  Activated  Switch  Test  System  were  to 
generate  a  test  pulse  of  20,000  ampere  peak,  with  40  psec  duration. 

It  was  decided  to  produce  this  pulse  both  at  voltage  levels  of  1600  volts 
and  the  2000  volt  level.  The  rise  time  of  the  current  pulse  was  to  be 
at  least  20,000  amperes/psec. 

It  was  considered  advantageous  to  also  test  initially  at 
reduced  voltage  levels,  and  capability  was  provided  to  test  at  500 
and  1000  volts.  As  a  cost  consideration  only  discrete  voltage  adjust¬ 
ability  was  provided. 

Pulse  rate  considerations  of  the  test  system  were  initially 
determined  by  the  available  pulse  rate  of  the  laser,  the  available 
power  in  the  vicinity  of  the  test  system,  and  the  ability  to  cool  the 
test  switch.  Power  to  the  test  facility  was  limited  to  30  kilowatts 
thus  limiting  maximum  pulse  rate  to  40  Hz  at  full  voltage  and  current. 

Some  consideration  was  given  to  running  the  test  switch  to  higher 
pulse  rates  at  reduced  voltage  level,  but  these  schemes  were  still 
limited  by  the  available  power  in  the  test  facility  and  the  fixed  current 
capacity  of  the  test  system  main  transformer  and  wiring;  i.e.,  no  trade¬ 
off  existed  such  as  running  increased  current  and  reduced  voltage  to 
maintain  the  input  power  constant.  The  primary  considerations  of 
input  source  power  and  fixed  current  capability  thus  determined  the 
maximum  test  pulse  rate  which  was  40  Hz. 

IV- 2.  Pulse  Generation  Techniques. 

The  one  microsecond  riaetime  of  the  required  20,000  A  test  pulse 
is  not  excessive;  however,  the  high  energy  storage  requirements  of  the 
pulse  (800  J),  and  the  relatively  low  voltage  of  2000  V,  required  a 
circuit  arrangement  which  has  inherent  pulse  width  determination 
techniques,  allowed  means  for  pulse  current  measurement,  and  also 
means  for  laser  access  to  the  switch.  The  pulse  width  requirements 
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were  best  satisfied  with  pulse  forming  networks  (PFN's)  for  which 
the  test  device  could  switch-on,  and  a  current  pulse  would  be  produced 
of  the  required  pulse-width  by  proper  PFN  loading  without  external 
switching  elements. 

The  pulse  risetime,  device  current  measurement,  and  laser 
access  to  the  switch  were  satisfied  by  arranging  40  discrete  pulse 
forming  networks  concentrically  and  in  parallel  about  a  central  device 
mounting  jig  which  included  a  high  response  coaxial  current  sensing 
resistor.  The  device  mounting  jig  is  shown  in  Figure  IV-1.  The 
current  measuring  resistor  is  shown  as  item  (9),  and  is  fundamentally 
coaxial  in  character.  This  is  threaded  into  a  device  mounting  pedestal 
(1)  upon  which  the  test  device  (13)  is  mounted.  The  concentric  pulse 
forming  networks  are  connected  to  flange  (12),  and  cover  plate  (8). 
Pressure  is  applied  to  the  test  device  with  pole  piece  (6),  which  is 
locked  in  place  with  threaded  plug  (7).  A  hole  through  the  pole 
piece  and  access  plug  allow  laser  illumination  of  the  thyristor  surface. 
Final  pressure  on  the  test  device  is  provided  by  insulated  screws  (16) 
which  force  the  cover  plate  to  apply  pressure  to  the  pole  piece.  The 
mounting  pedestal  in  enclosed  in  a  coaxial  brass  can  (4  &  11),  and  the 
total  assembly  is  securely  mounted  to  a  vertical  plane  mounting  board 
through  the  use  of  mounting  flange  (14).  The  radial  PFN's  and  test 
device  mounting  jig  are  shown  in  Figure  IV-2  and  Figure  IV-3. 

IV-3.  Power  Circuit 

The  energy  needs  of  the  test  pulser  are  as  follows: 

1)  1600  V  system  —  Forty  pulse  forming  networks  to  be  charged 
to  1600  volts.  Each  network  has  12.5  yf  of  capacitance,  and  the  total 
storage  capacitance  is  500  yf.  The  total  energy  storage  is  then: 

W  =  1/2  CE2  =  640  J. 

2)  2000  V  system  —  Thirty-two  pulse  forming  networks  are  to  be 
charged  to  2000  volts.  Each  network  has  12.5  yf  of  capacitance,  and 
the  total  storage  capacitance  is  400  yf.  The  total  energy  storage  is 
then: 
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Figure  IV-2.  View  of  assembled  pulser  showing  20  of  40  PFN's 
arranged  in  a  radial  manner  with  their  associated  load  resistors 
arranged  radially  about  the  thyristor  test  holder  in  right 
center  of  the  photo. 
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Figure  IV-3.  Test  device  mounting  jig  component  parts 


W  -  1/2  CE2  -  800  J. 


The  maximum  power  consumption  rate  Is  then: 

P  -  W/T  -  Wf  -  (800  J) (40  Hz) 
P  -  32  kW 

where  T  ■  pulse  rate  period 

f  *  pulse  rate  frequency 


IV-4.  Pulse  Forming  Network  Design 

Because  of  the  low  blocking  voltage  capability  of  a  single 
thyristor,  and  the  desire  in  the  program  to  operate  at  full  current 
and  dl/dt  capabilities  with  a  single  device,  the  pulse  forming  network 
(PFN)  had  to  be  designed  to  produce  a  20,000  A  pulse  from  no  more  than 
2000  V.  This  requires  the  network  to  have  a  low  impedance.  Assuming 
that  a  single  network  will  produce  the  entire  current  pulse: 
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where  I  =  the  pulse  current 

EpFN  =  the  voltage  to  which  the  PFN  is  charged 
Zq  =  the  characteristic  impedance  of  the  PFN. 


I  =  20,000  A 
P 


EPFN 


=  2000  V 


the  above  equation  gives  ZQ  =  0.05  ohms.  Networks  of  50  railli-ohm 
characteristic  impedance  are  not  possible  to  fabricate  in  reasonable 
size,  while  networks  of  1-2  ohm  impedance  are  difficult,  but  possible. 
Hence  the  philosophy  of  achieving  load  current  and  voltage  by  paralleled 
networks  evolved  from  necessity.  If  32  networks  were  paralleled  to 
achieve  20,000  amperes,  then  each  network  would  supply  a  current  of: 


Ipn 


20,000 

32 


625  A. 
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The  characteristic  impedance  of  each  network  would  then  be: 


Epn  2000  V  ,  ,  , 

Zon  “  2Ipn  =  2  X~625  A  =  L*6  °hms' 

The  scheme  of  current  waveform  fabrication  is  then  to  parallel  32 
networks,  each  loaded  with  its  equivalent  characteristic  impedance,  Z^. 

A  symbolic  network  and  resistive  load  impedance  is  shown  in  Figure  IV-4. 

To  achieve  20,000  A  at  1600  V,  forty  parallel  networks  such  as  shown 
in  Figure  IV-4  are  required.  In  this  case,  each  network  supplies  500  A. 

The  main  pulse  generator  power  circuit  is  shown  in  Figure  IV-5. 
The  1.6  ohm  PFN's  are  shown  in  this  drawJ.»g  as  PFN's  1-40.  For  2000  V 
operation,  8  PFN's  are  disconnected  ’  /  quick  disconnect  convectors. 

Each  PFN  is  charged  through  individual  charging  rectifiers,  and  is 
discharged  through  individual  load  resistors,  R  1  to  R  40.  The  load 
current  of  each  PFN  is  summed  in  the  test  device,  whose  anode  is  near 
ground  potential.  All  pulse  forming  networks  are  resonantly  charged 
through  the  action  of  charging  choke  #187  and  command  charge  switch's 
T  507. 

DC  power  is  supplied  to  the  charging  switch  from  a  three 
phase  full  wave  rectifier  system  using  two  15  KVA  three  phase  rectifiers 
connected  in  series.  The  three  phase  full  wave  rectifiers  provide 
a  very  low  ripple  (about  6%)  at  360  Hz  in  the  dc  output.  Thus  a  high 
voltage  filter  capacitor  is  not  required  in  the  power  supply  to  charge 
the  pulse  forming  networks.  Taps  on  the  power  supply  isolation  trans¬ 
formers  (not  shown)  allow  change  of  the  output  voltage  at  25,  50,  75, 
or  100%  of  rated  output.  The  power  supply  isolation  transformers  are 
connected  to  the  ac  three  phase  line  through  two  breakers.  The  first 
is  a  high  speed,  shunt  trip  breaker  which  is  quickly  opened  in  event 
of  device  failure.  The  second  breaker,  closed  after  the  shunt  trip 
breaker,  removes  some  series  resistance  from  the  three  phase  line 
which  is  initially  present  to  limit  to  a  safe  level  the  inrush  current 
to  the  main  power  transformers.  In  the  event  of  a  fault  in  the  main 
rectifier,  PFN,  or  test  device,  the  main  breaker  is  opened  with  a 
logic  signal  which  activates  a  solid  state  relay  to  apply  power  to  the 
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shunt  trip  of  the  main  breaker. 

The  sequence  of  events  to  obtain  an  output  pulse  from  the 
pulser  test  circuit  is  as  follows:  Power  is  applied  to  the  main  rect¬ 
ifiers.  The  charging  of  the  PFN's  is  initiated  by  triggering  the 
T  507  charging  switch.  The  charging  action  is  resonant,  and  after  the 
1/2  sine  wave  charging  current  ends,  the  charging  switch  is  self 
commutated.  After  a  suitable  waiting  time  for  recovery  of  the  charging 
switch,  the  logic  system  generates  a  trigger  to  fire  the  laser.  The 
laser  apparatus  has  an  internal  delay  of  about  12  ysec  after  the  logic 
signal  occurs  before  the  laser  fires,  triggering  the  device  under  test, 
and  discharging  the  PFN's.  Each  PFN  is  loaded  with  its  own  character¬ 
istic  impedance  of  1.6  ohms,  causing  the  PFN  discharge  to  produce  a 
rectangular,  40  Msec  current  pulse  of  625  A  when  the  PFN  voltage  is 
2000  V.  If  32  PFN's  are  used,  then  the  summation  will  produce  the 
required  20,000  A  peak  current. 

Should  the  test  device  fail,  such  that  after  failure  the 
succeeding  charging  pulse  is  short  circuited,  there  will  be  charging 
current  through  the  shorted  device  at  a  time  other  than  the  specified 
charging  period.  This  irregular  event  charging  current  will  also  pass 
through  sense  rectifiers  R404007's,  and  cause  an  output  voltage  at  the 
output  of  sense  amplifier  741  P.  This  voltage  will  be  transferred  to 
the  logic  network  and  cause  the  main  breaker  to  trip  and  indicate  a 
fault  condition.  Once  the  fault  or  failure  is  corrected,  normal 
operation  will  be  restored. 

IV-5.  Pulser  Timing  Unit 

The  pulser  timing  unit  produces  a  clock  pulse  at  a  predeter¬ 
mined  pulse  rate  which  originates  from: 

1)  a  free  running  oscillator  (VFO) 

2)  pulse  rate  division  of  the  line  frequency. 

Understanding  of  the  following  discussion  will  be  aided  by  referring 
to  Figure  IV-6. 

IV-5. 1.  VFO. 

The  variable  frequency  free  running  oscillator  consists  of 
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three  cascaded  748  amplifiers,  plus  an  output  emitter  follower  for 
current  amplification.  The  initial  748  amplifier  is  a  simple  relaxation 
oscillator,  provided  with  a  frequency  range  selection  switch  and  a 
fine  frequency  adjust.  These  controls  set  the  time  constant  of  the 
relaxation  oscillator.  The  following  748  amplifiers  provide  pulse 
shaping  and  amplification  to  produce  a  symmetrical  square  wave  at  the 
emitter  follower  output.  A  light  emitting  diode  is  provided  in  a  feed¬ 
back  path  to  give  visible  indication  of  the  selected  pulse  rate. 

IV-5.2.  Fine  Origin  Clock 

A  second  clock  signal  originates  from  the  line  60  Hz  power 
signal  and  is  developed  by  first  forming  a  120  Hz  line  clocked  signal 
in  mono-stable  stage  N-l.  Stage  N-l  is  directly  triggered  from  the 
full  wave  rectified  line.  Output  from  N-l  feeds  two  cascaded  decade 
counters.  The  output  of  counters  N2  and  N3  are  binary  4  bit  signals 
which  are  converted  to  decimal  indications  by  decoder  units  N4  and  N5. 

As  an  example,  consider  that  it  is  desired  to  divide  the 
input  line  clock  signal  by  sixty.  Then  the  units  switch  of  decoder  N4 
is  turned  to  zero,  and  the  tens  switch  of  decoder  N5  is  turned  to  six. 
When  counters  N2  and  N3  count  to  the  60  level,  outputs  will  appear 
simultaneously  at  decoder  outputs  zero  of  N4  and  six  of  N5.  These  two 
outputs  will  be  sensed  by  pins  13  and  1  of  NAND  gate  N7.  This  will 
cause  output  at  pin  13  of  N7  which  will  cause  a  set  signal  to  be  formed 
at  pin  10  of  N7.  The  remaining  two  NAND  gates  of  N7  form  a  bistable, 
and  a  low  signal  on  pin  10  of  this  bistable  will  cause  pin  8  to  rise 
high,  yielding  a  reset  signal  to  the  decade  counters,  and  a  signal 
which  is  fed  to  an  output  monostable  as  the  clock  pulse.  Hence  the 
decoder  switch  selectors  will  set  the  line  frequency  devisor,  which  in 
the  example  caused  two  output  counts  for  every  120  input  pulses.  The 
range  of  line  clock  divisor  is  one-nine-nine. 

Decoder  outputs  are  inverted  by  hex  inverter  stage  N6,  which 
also  provides  amplifier  drive  of  the  reset  signal.  Two  hex  inverters  of 
of  N6  are  paralleled  to  provide  drive  into  a  light  emitting  diode,  such 
that  visible  indication  of  the  line  synched  clock  is  seen  at  the  front 
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panel  of  the  timing  unit. 

A  selector  switch  selects  either  V  source,  or  discrete 

r  U 

twice  line  frequency  divided  by  N  signal  as  input  to  a  pulse  shaping 
monostable.  The  output  clock  pulse  (Cp)  then  is  sent  to  the  run  timer 
control  system. 

IV-5.3.  Run  Timer  and  Control  Logic 

Inasmuch  as  the  Run  Timer  is  the  most  complex  portion  of 
the  control  circuitry,  it  will  be  described  from  the  block  diagram  of 
Figure  IV-7.  The  clock  pulse  (Cp)  is  the  main  input  into  the  Run  Timer 
and  Control  Logic  System.  The  Run  Timer  uses  the  line  as  origin  of  the 
reference  signal  which  determines  running  time.  Line  sync  is  shaped 
into  a  pulse  by  Pulse  Shaper  H-l.  The  output  signal  (Cpp)  is  a  stan¬ 
dard  logic  level  signal  of  one  millisecond  duration.  The  signal  Cp 
then  drives  a  divide  by  60  stage  (H  17,  18,  19)  to  give  a  1  Hz 
reference  signal  suitable  for  clocking  purposes.  The  1  Hz  signal 
drives  a  preset  timer  which  may  be  used  to  set  the  desired  running  time. 
Running  time  is  selected  by  three  controls  which  determine  the  running 
period  in  seconds,  10  seconds,  and  minutes.  The  maximum  running  time 
is  9  minutes  59  seconds. 

The  run  time  is  begun  by  a  front  panel  control  called  timer 
start.  This  enables  a  synchronizing  bistable  such  that  with  the  occur¬ 
ence  of  the  next  clock  pulse  (Cp) ,  the  clock  pulse  will  be  allowed  to 
pass.  The  clock  pulse  in  turn  causes  the  main  enable  bistable  H-6  to 
change  state,  and  this  allows  passage  of  the  clock  pulse  (Cp)  to  the 
output  pulse  shaper  H-14,  as  well  as  release  of  input  pulse  shaper  H-l, 
allowing  the  60  Hz  timer  reference  signal  to  pass  into  the  divide  by 
60  circuit.  The  timer  will  run  and  count  one-second  pulses  for  a 
duration  determined  by  the  setting  of  the  desired  run  time.  After 
passage  of  the  desired  run  time,  the  input  synchronizing  and  enable 
bistables  are  reset,  shutting  off  passage  of  the  clock  pulse  (Cp)  and 
run  timer  reference  (Cpp).  Hence  clock  pulse  (Cp)  will  pass  to  the 
output  for  the  prescribed  time,  and  all  timing  will  be  synchronized 
with  the  clock  pulse.  No  timing  can  begin  without  the  clock  pulse. 
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and  no  run  time  interval  will  begin  at  mid-clock  pulse  interval  or  there¬ 
abouts.  All  time  intervals  will  be  identical  to  every  other  time  interval 
because  all  are  synched  to  the  main  clock  (Cp). 

When  passed  to  the  output,  the  clock  pulse  is  shaped  to  its 
final  form.  This  appears  at  the  output  of  pulse  shaper  H-14  at  time  t^. 
The  timing  sequence  is  shown  in  Figure  IV-8.  Pulse  t^  is  passed  to 
the  output  through  appropriate  isolation  techniques  and  begins  a  firing 
cycle  by  initiating  charging  of  the  many  parallel  pulse  forming  networks. 

A  period  of  24  msec  is  allowed  for  PFN  charging;  therefore  the  period 
between  firing  pulses  can  be  no  shorter  than  this  value.  Because  of 
other  time  requirements,  the  repetitive  cycle  is  limited  to  25  msec, 
corresponding  to  a  40  Hz  repetition  rate.  This  is  in  keeping  with  the 
maximum  power  available  from  the  line  at  the  tester  location. 

Charging  trigger  t^  is  suitably  delayed  24  msec  and  again 
shaped  as  pulse  t2*  Pulse  t ^  will  cause  firing  of  the  laser. 

Trigger  is  suitably  delayed  250  usee  to  form  pulse  t^. 

During  the  normal  charging  interval,  PFN  charging  current  will  flow 
from  the  main  supply  to  PFN  networks  from  time  t^  to  time  t2»  but  at 
no  other  period  in  normal  operation.  If  charging  current  should  occur 
at  some  other  time,  such  as  during  trigger  time  t^»  it  could  only 
indicate  failure  of  the  test  device  to  hold-off  charging  voltage. 

Trigger  pulse  t^  is  used  to  check  for  charge  current  at  an  unspecified 
moment.  If  such  occurs,  a  trip  bistable  will  change  state,  causing 
activation  of  a  solid  state  relay,  and  in  turn  activation  of  the  high 
speed  breaker  which  disconnects  the  main  high  power  input.  Front  panel 
controls  of  the  control  logic  console  may  activate  the  trip  bistable 
manually,  as  well  as  providing  the  reset  function. 

With  the  occurence  of  laser  trigger  t2>  laser  firing  occurs 
some  12  usee  afterward.  With  firing  of  the  test  switch,  some  inter¬ 
ference  wl^s  experienced  with  the  logic  due  to  the  high  dl/dt  and  high 
dv/dt  caused  by  the  quick  response  of  the  test  switch.  An  effective 
deterrent;, to  false  triggering  was  to  initiate  a  shut  down  pulse  at 

4 

trigger  titne  t2»  such  that  for  a  period  of  400  usee  after  t2  a  false 
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signal  may  not  trigger  pulse  shaper  H-14.  For  this  period,  bonafide 
triggers  do  not  occur  and  interference  signals  have  been  great.  / 
lockout  signal  is  initiated  at  trigger  time  t£  such  that  a  false  clock 
pulse  may  not  trigger  the  input  pulse  shaper  H-14. 

The  state  of  the  run  timer  is  indicated  by  a  front  panel  light. 
When  the  timer  is  activated,  the  light  will  be  on,  indicating  charge 
and  fire  triggers  are  being  produced. 

IV- 5.4.  Logic  Isolation 

All  connections  of  electrical  signals  to  the  run  timer  and 
logic  control  are  made  through  light-isolator  diode-photo-transistors. 

The  two  signals  which  contact  the  environment  outside  the  run  timer  are 
triggers  1  and  2.  Refer  to  Figure  IV-9. 

Signals  are  simply  coupled  out  of  the  run  timer  by  photo 
isolators.  In  the  logic  isolators,  triggers  1  and  2  are  branched  and 
their  power  amplified,  yielding  triggers  which  are  transformer  coupled 
out  of  the  logic  isolator  to  trigger  the  charging  network  thyristors 
and  a  trigger  to  fire  the  laser.  Other  triggers  at  the  same  times  are 
made  available  by  transformer  isolation  for  general  purpose  sync. 

Besides  triggers,  the  signal  indicating  the  occurrence  of 
charging  current  is  also  coupled  by  a  light  isolator  into  the  control 
logic  module.  As  a  consequence  of  this  isolation  system,  reasonable 
performance  free  from  interference  effects  were  experienced  by  the  test 
logic  system. 

IV-6.  Assembly  and  Checkout 

Assembly  of  the  pulse  forming  network  test  circuit  was  com¬ 
pleted  mid-March,  1975.  Figures  IV-10  through  IV-17  show  various  views 
during  and  after  assembly  was  complete.  The  system  performance  was 
checked  as  described  in  Section  3.3.3  and  found  to  perform  as  desired. 

Figure  IV-10  is  a  photograph  of  all  of  the  major  components 
of  the  PFN  test  circuit.  The  power  supply  transformers  can  be  seen  in 
the  lower  left,  the  rack  of  control  logic  at  the  right,  and  the  main 
frame  with  the  PFN  circuits  in  the  background. 

Figure  IV-11  is  an  edge  view  of  the  pulse  forming  networks. 


Figure  IV-10.  Major  components  of  the  PFN  pulser  test  circuit. 
Logic  control  (on  right,  power  transformers  (foreground  lower  left) 
and  PFN  stack  (background) . 
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The  main  power  breaker  and  charge  current  and  voltage  meters  are 
located  at  the  upper  right. 

Figure  IV-12  shows  the  left  panel  swung  out  on  its  mounting 
hanger  exposing  one-half  (20)  of  the  pulse  forming  networks  on  the 
left  (which  were  not  complete  at  the  time  of  the  photograph)  and  one- 
half  of  the  load  resistors  on  the  right  arranged  in  a  circle  about  the 
test  device  holder  in  the  center  on  the  right. 

Figure  IV-13  is  the  same  as  Figure  IV-12  except  that  the 
right  side  has  been  folded  out.  Note  that  the  inductors  have  been 
mounted  on  the  capacitors  on  this  side.  Also  note  that  the  coaxial 
connector  on  the  coaxial  shunt  monitoring  resistor  is  exposed  on  this 
side  of  the  test  device  holder  in  the  center  on  the  left. 

Figure  IV-14  shows  a  side  view  of  the  completed  PFN  stack. 
The  cables  connecting  each  PFN  with  its  load  resistor  can  be  seen 
clearly,  aa  can  the  oetifurcated  fiber  optics  cable  Used  to  conduct 
the  laser  beam  into  the  device  under  test. 

Figures  IV-15  and  IV-16  show  close-up  views  of  the  side  and 
front,  respectively,  of  the  device  holder  or  test  jig.  The  fiber 
optics  cable  was  removed  before  Figure  IV-16  was  taken  to  avoid  hiding 
the  details  of  the  device  holder. 

The  charging  network  for  the  PFN  is  shown  in  Figure  IV-17. 
This  network  is  mounted  in  the  frame  of  the  PFN  stack  but  under  the 
assembly  of  the  40  PFN's. 
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Figure  IV-12.  Pulser  test  circuit:  PFN  stack  capacitor  bank 

and  load  resistors  prior  to  completion.  Device  under  test 

mounts  in  fixture  located  in  the  center  of  the  load  resistor  network 


Figure  IV-13.  Pulser  test  circuit:  PFN  stack-capacitor  bank 
with  inductors  mounted  and  load  resistors.  Current  monitor 
coaxial  shunt  is  located  in  the  center  of  the  load  resistor 
network. 
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Figure  IV-15.  Pulser  test  circuit:  PFN  stack  assembled  showing 
close-up  of  device  holder,  side  view.  Note  fiber  optics  cable 
to  conduct  the  laser  beam  into  the  device  fixture. 
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ULTRA  TAST,  HIGH-POWER  USER- ACTIVATED  SWITCHES 


J.  R.  Davis  and  J.  S.  Roberts 
Westinghouse  Research  Laboratories 
Pittsburgh,  Pennsylvania  15235 


ABSTRACT 

Laser  fired  semiconductor  switches  have 
been  operated  reliably  at  multi-megawatt  power 
levels  with  nanosecond  rise-times.  Pulse 
currents  up  to  10,000  amperes  and  durations 
from  SO  nanoseconds  to  40  microseconds  were 
obtained  from  storage  lines  charged  as  high  as 
1300  volts.  In  this  paper  data  obtained  from 
several  experiments  are  compared  to  calculated 
results  from  a  theoretical  computer  model.  The 
analysis,  reported  previously  (1),  has  been 
extended  to  include  the  effects  of  the  initial 
carrier  dynamics  during  turn-on. 


INTRODUCTION 

Light-activated  semiconductor  switches 
[USS]  can  be  turned  on  many  orders  of  magni¬ 
tude  more  rapidly  than  conventional  electri¬ 
cally  triggered  devices.  Conventional  devices 
depend  on  comparatively  slow  drift  and  diffusion 
mechanisms  to  establish  and  to  spread  the  con¬ 
duction  plasma  throughout  the  device.  With 
light-activation,  the  conduction  plasma  is  pro¬ 
duced  by  a  spacially  distributed  laser  illumin¬ 
ation.  By  choosing  a  suitable  combination  of 
light  wavelength,  pulse  energy  and  illumination 
geometry,  a  large  area  of  conduction  is  estab¬ 
lished  in  a  time  corresponding  to  a  combination 
of  the  transit  time  of  the  light  through  the 
device  [•vl  picosecond]  and  the  duration  of  the 
light  pulse  [a  few  picoseconds  to  several  nano¬ 
seconds].  Once  the  plasma  is  established,  current 
conduction  begins  within  a  dielectric  relaxation 
time  [■'-1  picosecond].  The  rate  of  current  rise 
experimentally  observed  depends  almost  entirely 
on  the  Inductance  of  the  external  circuit;  the 
intrinsic  inductance  of  the  device  is  only  a  few 
picohenries.  The  maximum  power  level  is  limited 
primarily  by  the  device's  ability  to  dissipate 
thermal  energy,  typically  less  than  200  watts/cm? 
in  the  steady-state.  By  reducing  conduction 
times  and  using  low-duty  cycles,  laser-fired 
devices  have  been  operated  reliably  and  repeti¬ 
tively,  switching  more  than  50  megawatts/cm2  with 
current  densities  above  50,000  amps/cm2.  This  is 
a  power  level  of  considerable  interest  in  the 
areas  of  ultra-high  power  microwave  generation 
and  energy  compression  for  fusion  reactors,  laser 
systems  and  so  on. 


Thermal  effects  are  relatively  unimportant 
for  pulses  shorter  than  a  few  microseconds  and 
low  repetition  rates,  but  long  pulses  [10  to  100 
microseconds]  produce  not  only  high  temperature 
rise  but  considerable  anisotropy  in  temperature 
and  current  distribution.  In  this  case  the  oper¬ 
ating  limits  must  be  derated  below  the  values 
indicated  above. 

These  considerations  and  experimental  data 
have  been  used  to  extend  a  previously  reported 
analysis  (1)  and  an  Improved  analytic  model  for 
the  device  operation  has  been  developed.  The 
analysis  includes  the  effects  of  initial  carrier 
dynamics,  displacement  current,  the  temperature 
dependent  voltage-current -density  characteristics 
and  conduction  area  spreading.  A  three-dimen¬ 
sional  time  dependent  heat  flow  analysis  was, 
carried  out  using  a  finite-element  program  to  pro¬ 
vide  closed  form  heat-flow  approximations  which 
could  be  implemented  in  the  device  model. 


EXPERIMENTAL 

Two  different  sets  of  experiments  were  per¬ 
formed  using  similar  equipment  systems.  The  long- 
pulse  [40  microsecond]  studies  were  conducted  at 
the  Westinghouse  Research  Laboratories ,  while  the 
short-pulse  [50  nanosecond]  work  was  conducted 
jointly  with  Westinghouse  at  the  Lawrence  Liver¬ 
more  Laboratory  (2). 

The  two  systems  are  essentially  as  illustra¬ 
ted  in  Tig.  1}  not  shown,  but  included,  are 
oscilloscopes  and  meters  to  measure  the  various 
operating  parameters  and  waveforms. 

The  Westinghouse  system  used  as  a  storage 
element  an  array  of  up  to  40  parallel  networks 
which  can  be  charged  to  2000  volts  and  deliver 
a  20,000  ampere  pulse  with  a  rise-time  below  1 
microsecond.  An  IR  apparatus  was  used  to  measure 
conduction  area  spreading  by  observing  recombina¬ 
tion  radiation.  The  equipment  consisted  of  a 
time-resolved  image  tube  apparatus  (3)  or  an  SI 
photo-multiplier  and  a  fiber-optic  imaging  array. 
The  voltage  transient  was  measured  directly  across 
the  silicon  wafer  and  current  was  measured  using  a 
.001  ohm  sampling  resistor. 

In  the  Livermore  experiments  (2),  the  storage 
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element  was  a  parallel  array  of  up  to  12,  1.25  ohm 
strip  transmission  lines.  With  a  charging  voltage 
of  1300  volts  up  to  9800  ampere  pulses  were  pro¬ 
duced  with  a  duration  of  50  nanoseconds  and  rise- 
times  from  3  to  12  nanoseconds.  IR  spreading 
measurements  were  not  made.  The  device  voltage 
and  current  were  calculated  from  measurements  of 
the  transmission  line  impedance  and  the  transient 
line  voltage. 

In  both  cases,  Q-switched  Nd  doped  YAG 
C 1 . 0 6p  1  lasers  were  used.  Energy  density  at  the 
device  window  was  10  to  20  m*Vcm2  with  a  pulse 
duration  of  5  to  10  nanoseconds.  The  light  gen¬ 
erated  carrier  density  was  approximately  10l8/cm2. 


ANALYTIC  MODEL 

The  device  structure,  shown  in  Fig.  2,  locates 
and  defines  the  various  functional  regions  used  in 
the  analysis  and  in  the  computer  model.  The  com¬ 
puter  model,  which  is  described  in  seme  detail  in 
(1),  is  based  on  an  iterative  algorithm,  which  de¬ 
termines  for  each  element  of  a  time  grid,  how  the 
current  is  spacially  distributed  in  the  device. 

The  driving  function  is  defined  as  the  device  cur¬ 
rent  versus  time  function  and  the  voltage  drop 
across  the  device  is  calculated  for  each  time 
point,  from  the  current  and  temperature  distribu¬ 
tions.  The  analysis  takes  into  account  the  temp¬ 
erature  dependent  voltage-current  characteristics 
of  the  finite  elements  making  up  the  spacial  grid. 
The  energy  dissipated  in  each  element  is  inte¬ 
grated  in  time  and  determines  the  local  temperature 
rise  as  a  function  of  time  and  the  location  of  the 
element.  The  time  constant  for  significant  heat- 
flow  is  about  400  microseconds  and  the  device  is 
essentially  adiabatic  during  the  conduction  pulse. 
Virtually  all  heat  transfer  occurs  during  the  non¬ 
conduction  interval.  The  incremental  conduction 
area  due  to  spreading  is  calculated  at  each  time 
interval,  from  the  current  density  at  the  outer 
edge  of  the  conduction  region. 

The  model  has  been  extended  and  now  includes 
a  simplified  two-dimensional,  finite-element  heat 
flow  calculation  which  operates  during  both  the 
conducting  and  non-conducting  intervals. 

The  following  additional  mechanisms  have  been 
included . 

Carrier  Generation  and  Heating  By  The  Light  Pulse 

The  laser  pulse  produces  a  temperature  rise, 
AT,  given  by: 

AT  =  E/Cl. 83  *  X]  (1) 

E  =  Absorbed  light  energy  in 
Joules/cm2 

X  =  Silicon  thickness  in  cm. 

The  carrier  concentration,  nQ,  assuming  uniform 
generation  is: 

nc  *  E/[hu  *  1.6  x  10-1^]  (2) 

hu  =  Photon  energy  in  ev  =  1.17  ev 
[Nd  YAG]. 

These  equations  are  satisfactory  up  to  approx¬ 


imately  1  Joule/cm2  which  produces  a  temperature 
rise  of  10°C  and  a  carrier  concentration  of 
1020/cm3.  Above  this  level,  free  carrier  absorp¬ 
tion  begins  to  dominate,  the  generated  carrier  con¬ 
centration  ceases  to  increase  linearly,  and  heat¬ 
ing  increases  more  rapidly  as  the  absorption 
localizes  near  the  surface. 


Dw'j . 


Fig.  1  -Block  diagram  of  the  experimental  system 

Relaxation  of  The  Light  Generated  Plasma  During 
Turn-on 

The  light  injected  plasma  typically  has  a 
density  from  1018  to  10?0/cm3.  At  this  level  car¬ 
rier-carrier  [Auger]  recombination  is  dominant  and 
carrier  mobilities  are  determined  by  carrier-car¬ 
rier  scattering.  The  initial  carrier  concentra¬ 
tion,  nQ,  will  decay  to  a  steady-state  level  as: 

n(t)  *  n0  esp[t(l/tg  ♦  l/t0)],  (3) 

where  the  Auger  lifetime  is  given  by  (M-7); 
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A  light  generated  carrier  density  in  the  base 
of  1020/cn3  will  decay,  very  rapidly  at  first, 
then  slowing;  reaching  10l®/cm3  in  30  ns  and 
\  2  x  10l8/cm3  in  500  ns. 


For  Silicon  A;2  '  8.05  *  1014 
Cj2  =  8  «  108 
MO =  low  level  mobility 
T  =  temperature,  °K 

The  mobilities  are  small  at  high  carrier 
levels  [the  electron  mobility  =  -utO  cm2  voltsec 
for  n(t)  =  1015/cm3],  none  the  less,  the  voltage 
drop  is  reduced  for  short,  fast  rising  pulses. 


Dx.ii  6)SJA0J 


Fig  2  “Device  geometry 


Numerical  calculations  using  the  modified 
model  of  Choo  (1,  8-10)  for  a  current  density  of 
50,000A/cm2  give  ->*  *  id8  for  the  average  steady- 
state  base  carrier  concentration.  The  Auger  decay 
from  eqs.O)  and  (** )  reaches  this  level  in  190ns 
[to  s  2ms,  nQ  *  1020/cm3].  Carrier  injection  will 
sustain  the  carrier  concentrations  near  the  emitter 
boundaries  at  •vl020/Cm3.  Therefore,  with  pulses 
shorter  than  190  ns  the  voltage-current  character¬ 
istic  is  determined  largely  by  this  process.  At 
these  extreme  levels,  current-voltage  behavior  is 
dominantly  ohmic  and  the  voltage,  as  a  function  of 
time  in  the  decay  regime,  can  be  approximated  using 
Ohm's  Law  and  including  carrier-carrier  scatter¬ 
ing  (11,12). 


RESULTS 

There  are  four  experimentally  observable 
variables  which  can  be  compared  to  the  calcula¬ 
tions:  conduction  area,  current,  temperature  and 
voltage.  Of  these,  the  first  two  are  used  as 
input  data  and  the  third  has  not  been  successfully 
measured,  leaving  the  transient  voltage. 

Table  I  is  a  summary  of  three  cases  for  which 
data  are  presented  in  Figs.  3  through  11.  The 
first  two  cases  correspond  to  the  experiments  men¬ 
tioned  earlier,  while  the  third  case  is  the  pre¬ 
dicted  result  of  extending  the  pulse  duration  of 
case  II  from  50ns  to  lOus. 

The  data  are  presented  as  three  figures  for 
each  case.  Figs.  3,  6  and  9  are  isometric  plots 
of  the  calculated  current  density  as  a  function  of 
time  and  distance.  The  distance  being  measured 
from  the  centerline  of  the  window  (see  Fig.  2), 
perpendicularly  along  the  surface  of  the  device. 

Figs.  4 ,  7  and  10  are  plots  of  the  tempera¬ 
ture  rise  with  the  other  coordinates  the  same  as 
for  the  current  density  figures. 

Figs.  5,  8  and  11  plot  the  calculated  voltage 
and  the  driving  current  waveforms.  Figs.  5  and  8 
include  the  measured  voltage  and  current  data 
points  for  comparison  with  the  calculated  curves. 
The  uppermost  curves  are  current  data. 

Notice  in  Fig.  9,  the  shift  of  current  den¬ 
sity  to  the  cooler,  outer  regions  of  the  device;  a 
consequence  of  the  fact  that  at  high  currents  the 
voltage  drop  increases  with  temperature. 


V(t)  =  J  x  X/[n(t)qM(n(t))l  (5) 

M  =  ti/Wl2  ♦  l/Mol’1  (6) 

m12  *  AjjT3/2/[n(t)ln(l  ♦  C12T2/ 

n2/3(t))]  (7) 
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TABLE  I 

Suwaary  of  Data 


Pulse 

Current 

Line 

Voltage 

Pulse 

Duration 

Rise 

Time 

dl/dt 

Switching 

Power 

Peak* 

Current 

Density 

Peak* 

Temperature 

Rise 

KA 

KV 

ys 

us 

KA/vs 

MW 

KA/cm2 

°C 

I 

5 

1 

40 

.316 

16 

5 

20 

68 

II 

•  •  •  • 
9.8 

1.3 

.05 

.012 

750 

10 

56 

6 

III* 

9.8 

1.3 

10 

.012 

750 

10 

56 

360 

*  Calculated  data 


% 


Fig.  4 -Temperature  profiles  versus  time  for  case 
I.  The  region  turned  on  by  optical  scatter,  de¬ 
fined  in  Fig.  2,  is  treated  as  a  single  element  in 
the  space  grid  and  is  seen  as  the  flat  peak  in 
the  plot. 
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Fig.  3-Current  density  profiles  versus  time  for 
case  I.  Distance  is  measured  from  the  center  of 
the  window.  Current  density  is  reduced  in  the  win¬ 
dow  region  because  it  lacks  contact  metallization. 
Conduction  area  spreading  is  seen  as  the  diagonal 
’’wall”  in  the  foreground.  Current  density  reaches 
a  maximum  of  20KA  in  313ns ,  then  diminishes,  as 
the  area  expands,  to  about  4KA  at  the  end  of  the 
current  pulse. 


Fig.  5-The  calculated  voltage  and  the  driving 
current  waveforms  along  with  the  experimental 
data.  The  current  data  are  at  the  top  of  the 
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Tig.  6-Current  density  profiles  for  case  II. 

There  is  virtually  no  conduction  spreading  during 
the  50  nanosecond  pulse.  Conduction  remains 
almost  entirely  in  the  vindow  region  and  the  re¬ 
gion  turned  on  by  optical  scatter.  The  peak 
current  density  is  56KA/cm2  at  12  nanoseconds. 


Fig.  8-The  calculated  voltage  and  the  driving 
current  waveforms  for  case  II,  along  with  the 
experimental  data. 
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Fig.  9-Current  density  profiles  for  case  III. 

This  simulation  was  the  same  as  case  II,  except 
that  the  pulse  length  was  increased  to  10  micro¬ 
seconds.  Conduction  spreading  is  evident.  A 
large  temperature  difference  between  the  center 
and  the  edge  results  in  a  shift  of  current  to  the 
cooler  edges  of  the  device. 


Fig.  10 -Temperature  profiles  for  case  III.  The 
predicted  rise  for  this  10  microsecond  pulse 
reaches  ^350°C.  It  is  likely  a  device  operated 
with  these  conditions  would  become  thermally 
unstable  and  be  destroyed . 


Fig.  11-The  calculated  voltage  and  current  wave¬ 
forms  for  case  III. 


CONCLUSIONS 

We  have  demonstrated  experimentally  that  the 
light  fired  switches  can  be  operated  reliably  and 
repetitively  at  multimegawatt  levels  with  nano¬ 
second  rise-times.  We  have  shown  that  thermal 
effects  are  small  for  short  pulse,  low  duty  cycle 
operation  at  current  densities  above  50,000  A/cm2. 
We  have  developed  a  computer  model,  which  predicts 
device  behavior  in  good  agreement  with  the  avail¬ 
able  experimental  data.  We  believe  this  device 
will  be  successfully  used  in  a  wide  variety  of 
ultra-high  power,  fast  pulse  applications. 
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assistance  provided  by  O.S.F.  Zucker  of  Lawrence 
Livermore  Laboratory,  L.R.  Lowry,  P.L.  Mower,  R.J. 
Fiedor  and  E.  Adams-Davis 
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A  THEORETICAL  MODEL  OF  LIGHT-FIRED  THYRISTORS 


J.  R.  Davis 
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Pittsburgh,  Pennsylvania  15235 


ABSTRACT 

A  computer  model  of  light-fired  thyristors  has 
been  developed  which  calculates  device  voltage  and 
the  spatial  distributions  of  current  and  tempera¬ 
ture  as  functions  of  time  throughout  multiple  pulse 
chains. 


INTRODUCTION 

A  light-fired  thyristor,  as  distinguished  from 
a  1 ight-triggered  device,  is  fully  turned  on  within 
the  illuninated  region  during  the  light  pulse.  The 
light  pulse,  typically  produced  by  a  Q-switched 
laser,  provides  sufficient  energy  to  generate  car¬ 
rier  concentrations  throughout  the  illuminated  part 
of  the  base  regions  of  the  same  order  of  magnitude 
or  greater  than  those  which  occur  in  the  device  in 
the  normal  on-state.  This  turn-on  process  is 
therefore  free  of  the  usual  transit  time  delays  and 
is  capable  of  switching  extremely  large  values  of 
dl/dt.  The  magnitude  of  dl/dt  and  the  amplitude  of 
the  pulse  currents  which  are  possible,  depend  on 
various  device  and  operating  parameters:  the  area 
and  perimeter  of  the  illuminated  region;  the  shape, 
duration  and  duty  cycle  of  the  pulse;  the  initial 
temperature  and  the  temperature-dependent  voltage- 
current  characteristic  of  the  device;  the  conduc¬ 
tion  area  spreading  behavior;  and  the  heat  trans¬ 
mission  and  heat  capacities  of  the  device  and  its 
mounting  assembly. 

The  analytic  model  is  constructed  of  several 
separate  elements.  The  first  element  is  a  deter¬ 
mination  of  the  voltage-current  characteristic  as  a 
function  of  temperature  for  the  high  current  densi¬ 
ties  experienced  by  these  devices.  A  piecewise 
model  is  obtained  experimental ly  for  individual 
devices . 

The  next  element  is  a  calculation  of  the 
current  distribution  in  the  uncontacted  region 
through  which  the  laser  beam  enters  the  device. 

This  provides  an  effective  area  of  conduction  at 
t  =  0  and  which  remains  turned  on  throughout  the 
pulse. 
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Then  a  formulation  of  the  conduction  area 
spreading  is  obtained  based  on  experimental  time- 
dependent  infrared  measurements. 

The  next  part  is  a  calculation  of  the  current 
and  temperature  distributions  and  the  forward  vol¬ 
tage  drop  as  functions  of  time.  These  quantities 
are  interdependent  and  are  determined  by  a  computer 
iteration  technique. 

Finally,  a  separate  computer  program  is 
employed  to  solve  the  three  dimensional,  time- 
dependent  heat-flow  problem  and  obtain  the  tempera¬ 
ture  distributions  during  multiple  pulse  sequences. 

The  context  of  the  following  analysis  is  the 
experimental  system  shown  in  Figure  1  which  con¬ 
sists  of  a  pulse-forming-network  supplying  energy 
to  a  load  through  the  laser-fired  thyristor.  The 
device  geometry  is  shown  in  Figure  2.  Light  from 
the  laser  enters  the  rectangular  window  in  the 
cathode  metallization,  generating  a  high  concentra¬ 
tion  electron-hole  plasma,  which  extends  throughout 
the  volume  under  the  window  area  and  by  optical 
scattering  into  regions  adjoining  the  window. 

The  analysis  given  here  is  based  on  this 
rectangular  window  geometry  but  provides  essen¬ 
tially  the  same  results  as  those  obtained  using  a 
circular  window  as  normally  used  on  the  experi¬ 
mental  devices.  In  addition,  the  present  version 
of  the  model  is  usable  only  for  short  pulses,  since 
we  assume  adiabatic  conditions  and  consider  that 
all  heat  flow  occurs  during  the  interval  of  zero 
current  between  pulses. 


VOLTAGE-CURRENT  CHARACTERISTIC 

At  high  current  densities,  the  voltage-current 
behavior  of  power  devices  becomes  increasingly 
dependent  on  carrier-carrier  processes. 

Fletcher  (6)  and  Dannhauser  (7)  examined  the  influ¬ 
ence  of  carrier-carrier  scattering  and 
Nilsson  (1,4)  analyzed  the  effect  of  Auger  recombi¬ 
nation.  These  results  have  been  combined  along 
with  lattice-scattering  according  to  Debye  and 
Conwell  (17)  in  the  numerical  model  of 
Choo  (12-14).  The  calculated  voltage-current 
characteristic  agrees  well  with  experimental  pulse 
measurements  up  to  5000  or  6000  A/ cm2. 

Jaecklin  (9,10)  and  Burtscher  (5),  using  similar 
methods,  obtained  essentially  the  same  results.  A 
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0»g.  6J5)a8** 


Fig.  1  -Block  diagram  of  the  experimental  system 


significant  feature  of  these  results  is  that  the 
voltage-current  curve,  above  approximately 
200  A/cm2,  can  be  closely  approximated  by  a  linear 
expression: 

V  -  Ci (T)  +  D. (T)J  (1) 

where  V  -  forward-voltage,  volts 
J  =  current  density.  A/ cm2 
T  *  temperature,  °K. 

At  higher  currents,  above  about  5000  A/cm2,  the 
theory  diverges  from  experimental  data.  For  the 
purposes  of  the  present  computer  model ,  a  three- 
segment  piecewise  linearization  of  the  measured 
data  is  used.  For  example,  a  least-squares- 
regression  of  data  taken  for  an  experimental  device 
having  a  total  base  width  of  240  urn  provided  the 
following  three-segment  fit. 


C,  =  1.25  -  9.19  x  lO-1*  T 

D)  -  8.378  x  1 0_l*  +  6.794  x  10*12  l3  for  segment  1, 
C2  -  -.21  +  1.195  x  10-3  T 

D2  *  1.089  x  10'3  +  8.832  x  10" 12  t3  for  segment  2, 
C3  =  -4.527  -  1.685  x  10‘3  T 

D3  *  1.535  x  10*3  +  1.245  x  1 0" • 1  T3  for  segment  3. 


CURRENT  CONDUCTION  IN  THE  WINDOW 

The  pulse-forming  network,  acting  as  a  current 
source,  will  cause  current  to  flow  immediately  in 
the  region  illuninated  by  the  laser.  It  is  assarted 
that  as  the  current  flow  begins,  the  light  gener¬ 
ated  carrier  profile  will  relax  to  a  quasi-steady- 
state  profile  in  a  negligible  period  of  time  (sub¬ 
microsecond).  In  any  case,  the  dynamics  of  this 
carrier  redistribution  are  not  included  in  the 
present  model. 

Referring  to  Figure  2,  the  current  is  approxi¬ 
mately  one-dimensional  and  vertical  in  the  combined 
base-regions  and  horizontal  in  the  diffused 
cathode-region.  The  resulting  non-uniform  current 
distribution  can  be  determined  from  the  equivalent 
circuit  shown  in  Figure  3. 

x 

i  (x )  =  f  J(x)dx  (2) 

o 


or  equivalently, 


, / /  /// /  /// /Y  /  Hut  Sink  /  / 
///////. 


Fig  2 -Device  geometry 
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Curve  60OSS3-A 


0w9.  635JA0S 


10  102  103  104 


Current  Density.  A/cm^ 

Fig.  4-Spreading  velocity  data  for  a  light  fired  thyristor  compared  to  a 
conventional  device  I  The  two  devices  are  not  of  the  same  design) 


has  been  observed  only  with  certain  device 
structures  —  others  exhibit  velocities  similar  to 
those  of  conventionally  operated  devices.  At  pre¬ 
sent,  no  satisfactory  explanation  is  available  and 
investigation  is  still  underway. 

For  the  purposes  of  the  computer  model ,  the 
spreading  constants  are  determined  empirically  and 
used  in  the  functional  relationships  given  in  1) 
and  2)  above. 


Fig.  5-Electrical  analogue  for  calculating  current -density  and 
temperature  distributions 


or 


V(t)  =  C(Tj )  +  D(Ti)J(xi) 


J(xi ) 


v(t)  -  co^) 


where  t  =  time 

Tf  =  temperature  of  ith  element 
Xi  =  x  coordinate  of  ith  element. 


(14) 

(15) 


The  integral  of  J(x-j)  over  all  conducting  elements 
CURRENT  DENSITY  AND  TEMPERATURE  DISTRIBUTIONS  is  the  tota1  current»  Kt). 


Inmediately  following  the  laser  pulse,  current 
flow  and  energy  dissipation  begin  in  the  region 
i  1 1  utti nated  directly  or  indirectly  by  the  laser. 
Then,  as  time  progresses,  the  active  region 
expands.  The  outer  regions,  being  turned  on  for 
less  time,  receive  less  energy,  and  therefore 
experience  less  temperature  rise  than  the  central 
regions.  Although  the  total  current  at  any  instant 
in  time  is  fixed  by  characteristics  of  the  pulse¬ 
forming-network,  the  current  within  the  device  will 
be  non-uniformly  distributed  because  of  the  temper¬ 
ature  dependence  of  the  voltage-current  character¬ 
istic  of  the  device. 


xn  xn 

I(t)  =  |  Jfx,)  =  V(t)  | 

xo  xo 


dx 

DHTT 


[  C(T, ) 

•  I  orn- dx  • 

Xn 


Consider  the  device  as  consisting  of  many 
parallel  elements,  each  at  a  different  temperature, 
Tj,  or  as  In  Figure  5,  many  parallel  adnittances , 
g(Ti).  The  voltage  across  each  element  is  equal  to 
the  terminal  voltage  and  is  related  to  the  current 
density  in  that  element  as: 
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The  voltage-current  Equation  (I)  can  be  rewritten 
J(x)  =  (V(x)  -  Ci)/0i  .  (4) 


Also  from  tne  figure: 

dV(x)  =  i(x)esdx 

which  implies: 


•  dzyjx)  ,  dj(xi 

dx2  ‘ 

Combining  Equations  (3),  (4)  and  (6)  gives: 


(5) 

(6) 


P,(V(x)  -  C1)/D?  .  (7) 

dx*  *  'I 


The  width  of 
assume  the  region 
are  constant  with 
tion  for  Equation 


the  window  is  small,  and  we 
Is  Isothermal,  so  that  C,  and  Di 
respect  to  x.  The  general  solu- 
(7)  is: 


V(x)  *  K]  exp(Ax)  +  Kj  exp(-Ax)  + 


where 


A  =  • 


(8) 


Owg .  6S51*8l 


Ps  =  Sheet  Resistance  of  Oiffused  Cathode  Layer  (2fl/0) 
Vo  =  Potential  Between  Cathode  and  Anode  Contacts 
Io  =Total  Current  Flawing  in  the  Window  Region 
Rlxl  =  Effective  Resistance  ot  the  Thyristor  Element 
Rtx)  =Ci/J(x)  ♦  Oi  I  see  Eq.  I D) 

Fig.  3 -Equivalent  circuit  of  the  window  region 


The  boundary  conditions  are: 


1  (x) 
1(x) 
V(x) 


0  , 


x  •  L  *  Xo* 


x  ■  I  ’  V 


(9) 


The  solutions  become,  for  the  voltage: 

A(V  -  C.) 

V(X)  ^  p~  cosh(AL)  s1nh(flx)  0°) 

and  for  the  current  density: 

J(x)  =  s~in)i'(AL)  cosh(Ax)  •  OD 

It  is  convenient  for  the  computer  model  to  define 
an  effective  conduction  width,  W0,  for  the  window 
region  such  that: 


L 

°oWo  5  V(x)|x  .  L  "  I  J(x>dx  =  lo  <12> 
0 

Then,  from  Equations  (11)  and  (12)  we  have: 

W0  =  (tanh(AL))/A  .  (13) 

This  permits  treating  the  conduction  in  the  unme¬ 
tallized  window  region  as  if  it  were  a  metallized 
region  W0  wide  and  carrying  a  uniform  current 
density,  J0. 


CONDUCTION  SPREADING 

The  spreading  of  the  conduction  area  during 
the  turn-on  of  conventional  thyristors  has  been 
studied  by  numerous  investigators  (18-22).  The 
results  of  these  and  other  studies  provide  the  fol¬ 
lowing  general  conclusions: 

?)  The  linear-spreading-velocity  is  related 
to  the  current  density  as: 

V  =  BJC  for  J  <  JSat 
(typically  about  1000  A/cm2). 

2)  For  current  densities  above  Jsat>  the 
velocity  saturates  with: 

V$at  *  0.5  x  1 03  to  20  x  103  cm/sec. 

3)  The  constants  B,  C,  Jsat  and  Vs  at  are 
strongly  dependent  upon  the  device-design  param¬ 
eters,  particularly  the  base  widths  and  lifetimes, 
and  the  shunt  and  cathode  geometries. 

4)  The  velocity  shows  no  significant  tempera¬ 
ture  dependence. 

In  recent  experiments,  we  have  examined  the 
spreading  behavior  of  laser-fired  devices  using  a 
gated  Infrared  imaging  system.  Although  the  state¬ 
ments  above  remain  qualitatively  true,  we  have 
observed,  in  some  devices,  much  higher  velocities 
than  are  found  with  electrically  triggered  devices. 
The  high  velocity  behavior  shown  in  Figure  4  is 
based  on  limited  experimental  data  and  should  be 
considered  tentative.  This  high  velocity  behavior 
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The  terminal  current  I(t)  is  known  so  that  the 
terminal  voltage  V ( t )  can  be  determined  from: 


.  .  (  C(T.) 

1{t)  +  J  DHTT  dx 

V(t)  -  - ^ -  .  (17) 

f  dx 

J  5TT-T 

xo 

If  time  is  incremented  by  At  and  I ( t)  becomes 

I(t  +  At),  the  energy  dissipated  in  the  i th  element 

is: 

AEfXj)  =  Jfx^Vft  +  At)At  (18) 

where  V(t  +  At)  is  given  by  Equation  (17)  and 
J (x^ )  by  Equation  (15). 

The  temperature  rise  for  the  element: 

ATj  =  AE(x. )/ (element  volume  x  heat  capacity).  (19) 

As  is  indicated  by  the  results  of  the  heat-flow 
calculations  in  the  next  section,  there  is  negli¬ 
gible  heat  loss  during  the  pulse  interval;  i.e., 
the  device  is  adiabatic  and  the  element  tempera¬ 
ture: 

V  “  Ti  +  iTi  •  (20) 


parameters  of  the  current  pulse.  The  output  data 
are,  as  functions  of  time,  the  current  density  and 
temperature  profiles,  J(x,t)  and  T(x,t),  and  the 
voltage  drop  V(t).  Since  this  computation  assumes 
adiabaticity ,  questions  remain  concerning  the 
effects  of  heat-flow. 


TRANSIENT  HEAT-FLOW 

The  analysis  of  heat-flow  in  the  device  and 
its  heat-sink  structure  utilizes  a  large 
Westinghouse  proprietary,  finite-element  computer 
program.  The  input  for  this  program  consists  of 
the  structure  geometry,  materials  and  material  pro¬ 
perties,  a  mesh  defining  the  elements  and  nodes  to 
be  used  in  the  analysis,  the  temperature  boundary 
conditions  and  the  time-dependent  heat  input. 

The  device  hypothesized  in  these  examples  is  a 
5-cm  diameter  fusion  of  silicon,  molybdenum  and 
copper  with  respective  thicknesses  of  0.05  cm, 

0.15  cm  and  1.0  cm.  The  heat-sink  is  single-sided 
and  attached  to  the  copper. 

The  initial  temperature  profile  and  the  time- 
dependent  energy  input  were  obtained  from  the 
current/temperature  program  described  in  the  pre¬ 
vious  section.  The  device  was  assigned  a 
spreading-velocity  limit  of  10^  cm/sec  and  a  small 
initial  conduction  area  (1.0  cm2).  The  current 
pulse  was  20,000  amperes  for  40  ysec  at  a  repeti¬ 
tion  rate  of  500/sec. 


This  implies  a  different  distribution  of  J(x^)  and 
a  different  T-j.  These  can  be  determined  by 
iterating  Equations  (17)  through  (20)  with  Ti' 
replacing  Ti,  except  in  Equation  (20)  which  defines 
the  new  Ti'.  This  self-consistent  procedure  is  con¬ 
tinued  until  a  fixed  configuration  is  obtained  for 

Y  5  Ti ’ (t  +  At)  , 

J(Xi)  =  J(Xi,  t  +  At)  , 

and  V ( t  +  At)  . 

Ti  (t  +  At)  is  then  set  equal  to  Ti'.  Time  is 
incremented  and  the  process  repeated. 

Over  and  above  the  mathematical  stability  of 
the  algorithm,  the  device  is  inherently  stable 
thermally.  The  device  voltage,  in  the  high  current 
domain,  has  a  positive  temperature  coefficient 
which  tends  to  increase  the  current  density  in  the 
cooler  regions  and  decrease  it  in  the  hotter  ones. 

A  computer  program  was  written  using  this 
algorithm  and  including  the  results  of  the  spread¬ 
ing  and  window  conduction  calculations.  The  pro¬ 
gram  input  consists  of  the  various  geometric, 
material  and  electrical  properties  of  the  device, 
as  well  as  the  initial  temperature  profile  and 
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Fig  6  -  Center  element  temperature  for  a  single  sided  h?at  sink. 
Pulse  length  =40(is,  I  =500  Hz.  I  =2  x  10*  amps.  10  pulses 
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Fig.  7  -  Temperature  profiles  as  function  of 
time  for  a  sequence  of  30  pulses.  The  upper 
surface  is  generated  by  the  temperatures  at  the 
end  of  each  pulse  and  the  lower  by  those  at  the 
beginning  of  each  pulse. 


The  output  data  consist  of  the  temperatures  as 
functions  of  time  for  each  element  and  node  of  the 
mesh  (over  400  of  them  in  this  case).  Figure  6 
shows  the  calculated  temperature  rise  at  the  center 
of  the  device  for  a  sequence  of  ten  pulses. 

Figure  7  shows  the  temperatures  as  functions  of 
time  and  distance  for  a  thirty  pulse  sequence.  The 
upper  surface  is  generated  by  the  temperatures  at 
the  end  of  each  pulse  and  the  lower  surface  by  the 
temperatures  at  the  beginning  of  the  pulses. 

These  data  and  others  generated  by  this 
analysis  provide  two  important  conclusions: 

(a)  the  heat-flow  in  the  silicon  is  essentially 
one-dimensional  for  several  hundred  milliseconds; 
and  (b)  the  temperature  decay  of  the  heated  parts 
of  the  device  can  be  closely  approximated  with  the 
exponential  function: 

T(t)  =  Tq  exp(A2tAl)  ,  (21) 

where  t  =  usee  measured  from  the  end  of  a  pulse  and 
for  data  In  Figure  6: 

A,  =■  0.81 

A2  =  -1.0314  x  10‘3  . 


Incorporating  these  results  in  the  current/ 
temperature  program  allows  this  program  to  simulate 
multi-pulse  performance.  This  is  highly  advanta¬ 
geous,  since  the  cost  and  time  per  run  for  the 
current/temperature  program  are  small  fractions  of 
those  for  the  finite-element  heat-flow  program.  In 
the  following  data  it  is  assumed  that  the  device  is 
adiabatic  during  each  pulse  and  that  one¬ 
dimensional  heat-flow  following  each  pulse  deter¬ 
mines  the  starting  temperature  profile  for  the  next 
pulse. 


Fig.  8  -  Current-density  profiles  as  a  function 
of  time  during  the  thirtieth  pulse  of  a 
sequence  of  one  hundred  pulses.  These  data  are 
for  a  fast  spreading  device. 


Figure  8  is  a  three-dimensional  plot  of 
J(x,t),  the  current-density  profile  versus  time, 
with  time  measured  from  the  beginning  of  the 
thirtieth  pulse  of  a  sequence  and  distance  measured 
from  center  of  the  silicon  wafer.  These  data  apply 
to  a  fast-spreading  device  with  the  design  and 
operating  parameters  given  in  the  figure.  Figure  9 
illustrates  the  corresponding  temperature  versus 
time  behavior.  Figure  10  gives  the  voltage  versus 
time  data  for  the  same  pulse. 
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CONCLUSIONS 
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Fig.  9  -  Temperature  profiles  versus  time 
corresponding  to  the  current-time  data  given 
in  fig.  8. 


The  present  computer  model  provides  acceptable 
predictions  of  the  operation  of  laser-fired 
devices,  insofar  as  available  experimental  data 
will  allow.  The  program  readily  accommodates  a 
wide  range  of  device  and  operating  parameters  and, 
therefore,  facilitates  design  optimization. 

There  are  several  assumptions  Imbedded  in  the 
model  which  are  subject  to  question  and  are  still 
under  study. 

1)  The  effects  of  the  redistribution  of  the 
light-generated  plasma  are  neglected,  despite  the 
likelihood  of  their  Influence  on  the  Initial  vol¬ 
tage  collapse. 

2)  It  is  assuned  that  the  heat  is  generated 
uniformly  throughout  the  thickness  of  the  wafer. 
This  is  somewhat  optimistic  In  light  of  the  results 
reported  by  Jaecklin  (9)  and  others. 

3)  The  analysis  neglects  the  possibility  of 
localized  instabilities  in  the  high  current  density 
plasma. 

4)  The  assumption  of  adiabaticity  and  of  one- 
dimensional  heat-flow  restrict  the  applicability  of 
the  program  to  short  pulses  and  limited  repeti- 

ti  ons . 

Work  on  this  model  is  continuing  in  these 
areas  as  is  the  experimental  program  with  which  the 
analysis  is  correlated.  Additional  results  will  be 
reported  at  a  later  date. 

The  author  gratefully  acknowledges  the  useful 
discussions  and  experimental  results  provided  by 
J.  S.  Roberts,  L.  R.  Lowry,  M.  H.  Hanes  and 
R.  J.  Fiedor. 
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Fig.  10  -  Voltage  as  a  function  of  time 
corresponding  to  data  of  figs.  8  and  9. 
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ABSTRACT 

Recent  advances  in  the  emerging  tech¬ 
nology  of  light  activated  semiconductor  switches 
(LASS)  are  described  and  the  performance  of  two  ex¬ 
amples  of  LASS  devices  is  discussed.  The  first  ex¬ 
ample  is  a  power  thyristor  with  overall  performance 
comparable  to  that  of  an  electrically  gated  power 
thyristor,  but  with  the  advantages  that  light  trig¬ 
gering  brings  such  as  electrical  isolation  between 
the  control  and  power  circuits  and  lower  suscep¬ 
tibility  to  electrical  noise.  The  second  example 
describes  a  new  kind  of  switch  with  extremely  fast 
turn-on  to  high  currents.  This  new  switch  is  ex¬ 
pected  to  bring  the  proven  reliability  of  semi¬ 
conductor  devices  to  high  power  pulse  switching 
systems.  Turn-on  rates  of  current  rise  in  excess 
of  1012A/sec  have  been  demonstrated,  and  peak  cur¬ 
rents  of  20,000  A  for  40  usee  at  a  low  duty  cycle 
have  been  obtained.  Limitations  and  future  possi¬ 
bilities  of  the  technology  are  discussed  and  some 
numerical  details  are  illustrated. 


INTRODUCTION 

We  want  to  aescribe  a  new,  emerging 
technology  that  we  believe  will  be  very  useful  in 
future  power  electronic  systems.  Aerospace  elec¬ 
tronics  tends  to  lead  in  the  application  of  new 
technologies  but  in  this  case  a  major  impetus  has 
also  come  from  electric  utilities  and  from  fusion 
power  generation.  The  new  technology  is  the  direct 
triggering  of  power  semiconductors  by  light.  Two 
examples,  with  very  different  parameters  of  opera¬ 
tion,  will  be  given  to  illustrate  the  range  of 
operation  possible.  Even  though  neither  example 
exactly  fits  present  aerospace  needs,  perhaps 
examination  of  them  will  help  suggest  a  possible 
solution  to  an  existing  or  contemplated  problem. 

The  major  accepted  advantages  of  the  light  acti¬ 
vated  semiconductor  switch  (LASS)  are:  electrical 
isolation  of  the  control  circuit  from  the  power 
circuit;  very  fast  turn-on;  simultaneity  of  turn 
on  of  related  units;  reduction  of  cushioning 
components  when  units  are  series  connected;  and  in¬ 
sensitivity  to  electrical  noise.  In  addition, 
there  are  certain  other  advantages  such  as  lower 
cabling  weight  for  fiber  optic  cable  compared  to 
copper. 


It  may  be  of  interest  to  note  that 
others  have  also  reported  on  studies  using  light  to 
turn-on  power  semiconductors.  Grekov1  '  in  Russia 
has  performed  a  theoretical  study  and  has  also  re¬ 
ported  results  using  yowl'  chips  of  silicon  and  in 
Europe,  other  workers1  J  have  reported  on  a 
complete  thyristor  also  achieving  turn-on  perfor¬ 
mance  comparable  to  that  obtained  from  electrically 
gated  devices. 

The  LASS  has  been  produced  in  two  forms: 

(1)  slow  turn-on  for  phase  control  circuits  and 

(2)  ultra-fast  turn-on  for  high  energy  pulsed 
power  circuits.  Many  of  the  advantages  are 
achieved  in  both  cases,  but  some  are  specific  to 
one  or  the  other. 

Before  one  can  understand  the  advantages 
and  limitations  of  the  LASS,  one  must  understand 
how  a  conventional,  electrically  triggered  thy¬ 
ristor  turns-on. 

PRINCIPLES  OF  THYRISTOR  TURN-ON 

Figure  1  illustrates  schematically  a  con¬ 
ventional  pnpn  or  thyristor  structure.  Assume  that 
the  device  is  off  and  that  the  anode  is  biased 
positive  with  respect  to  the  cathode  electrode,  re¬ 
verse  biasing  the  central  p-n  junction  and  creating 
a  depletion  region  around  it.  The  path  of  the 
electrical  gate  signal  is  as  indicated  from  the 
central  gate  electrode  to  the  cathode  electrode. 


Fig.  1  Schematic  cross-section  of  a  conventional 
thyristor. 
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When  the  gate  current  is  large  enough,  the  p-n* 
junction  will  be  forward  biased  and  electrons  will 
be  injected  into  the  p-base  at  the  inside  edge  of 
the  cathode  where  some  of  them  will  diffuse  towards 
the  depleted  region  and  then  will  be  carried  by 
drift  across  it.  Their  arrival  at  the  anode  p-n 
junction  causes  the  injection  of  holes  into  the 
n-base;  these  holes  then  drift  to  the  upper 
p-region  where  they  in  turn  cause  more  electrons  to 
be  injected.  The  net  result  will  be  double  in¬ 
jection  of  charge  into  the  base  regions  and  the 
voltage  across  the  depletion  region  will  collapse. 
Turn-on  has  now  begun  and  anode  current  is  estab¬ 
lished  at  the  inside  edge  of  the  cathode  as  shown 
in  Figure  1.  This  overall  operation  has  been  a 
rather  slow  process,  of  the  order  of  one  half  to 
two  microseconds,  depending  upon  various  device 
and  circuit  parameters.  The  "on"  region  will 
spread  laterally  at  about  40  ym  per  ysec  and,  in 
order  not  to  cause  damage  by  excessive  current  den¬ 
sity,  the  anode  current  must  be  limited  by  the 
external  circuit  until  substantial  spreading  of 
the  "on"  region  has  taken  place.  When  the  turn-on 
process  is  completed,  a  plasma  of  electrons  and 
holes  exists  in  the  base  regions  of  the  device  with 
a  density  distribution  as  shown  by  the  upper  curves 
in  Figure  2. 


Base  Base 

Cathode  Anode 


Fig.  2  Electron  and  hole  distribution  in  a 

thyristor  in  the  conducting  state  (upper 
curves)  and  in  the  unbiassed  state  (low 
curves) . 

Now  let  us  look  at  the  interaction  of 
light  with  silicon.  Figure  3  shows  how  the  ab¬ 
sorption  of  light  in  silicon  varies  with  wave-*) 
length.  Three  available  light  sources  are  indi¬ 
cated  on  the  curve.  Their  output  characteristics, 
combined  with  the  very  different  absorption  co¬ 
efficients,  provide  dramatic  differences  in  their 
performance  as  triggers  with  silicon  switches.  The 
GaAs  light  emitting  diode  and  laser  diode  generate 
radiation  at  about  0.9  ym  which  is  strongly  ab¬ 
sorbed  in  silicon,  and  are  useful  as  potential 
light  sources  for  a  light  triggered  device  for 
phase  control  type  of  applications.  The  deeply 
penetrating  Nd:YAG  radiation  at  1.06  ym  is  useful 
to  achieve  very  fast  turn-on  of  thyristors  as  will 
be  shown  in  a  subsequent  section. 


A^ym) 


Fig.  3  Absorption  coefficient,  a,  of  silicon 
as  a  function  of  wavelength  of  light. 


PHASE  CONTROL  SWITCHES 

If  we  shine  radiation  of  about  0.9  ym 
wavelength  onto  a  sensitized  region  of  silicon  as 
shown  in  Figure  4,  electron-hole  pairs  are  created 
in  a  shallow  region  of  the  device  because  of  the 
large  absorption  coefficient  at  this  wavelength. 
The  carriers  so  created  act  just  as  though  they 
got  there  from  an  electrical  gate  signal  --  the 
electrons  in  the  upper  p-base  diffuse  towards  the 
depletion  region  and  the  electrons  (holes)  in  the 
depletion  region  drift  towards  the  anode  (cathode) 
causing  additional  hole  (electron)  injection  as 
described  before.  The  net  result  is  that  the  thy¬ 
ristor  turns-on  much  as  if  it  had  been  gated  on 
electrically,  and  it  turns-on  with  about  the  same 
speed . 

Just  as  a  minimum  electrical  gate  signal 
is  required  to  turn-on  a  conventional  thyristor, 
so  is  a  minimum  light  signal  required  for  a  light 
fired  thyristor.  Our  studies  indicated  that  about 
0.3  yJ  per  pulse  would  provide  adequate  drive  to 
assure  consistent  performance  comparable  to  an 
electrically  gated  thyristor.  The  search  for  an 
inexpensive,  reliable  light  source  of  adequate 
power  ended  with  the  selection  of  the  laser  diode 
as  the  best  all  around  choice.  Although  light 
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Fig.  4  Schematic  cross-sectional  view  of  a 
light  activated  thyristor. 

emitting  diodes  have  an  advantage  in  cost,  their 
comparatively  low  power  output  plus  their  very 
wide  angular  distribution  of  light  adds  to  insuf¬ 
ficient  light  collected  by  and  delivered  through  a 
suitable  fiber  optic  cable  as  shown  in  Figure  S. 

In  fact,  the  laser  diode-fiber  optic  cable  com¬ 
bination  shown  in  the  figure  provides  barely 
enough  overdrive  for  comfort  when  one  considers  tne 
derating  necessary  to  allow  for  aging.  Techniques 
developed  recently  promise  significantly  better 
light  collection  and  distribution  efficiencies. 


Fig.  S  Variation  in  the  optical  energy  measured 
at  the  receiving  end  of  light  pipes  as  a 
function  of  the  light  source  and  current 
drive. 


Fig.  6  Photograph  of  a  phase  control  light 

activated  semiconductor  switch  element . 


The  completed  active  element  is  shown  in 
Figure  6.  Note  the  light  sensitive  region  iden¬ 
tified  by  the  small,  dark  circular  region  in  the 
center  of  the  unit.  This  unit  is  5  cm  in  diameter. 

The  turn-on  delay  time  of  this  device  is 
displayed  in  Figure  7  as  a  function  of  the  incident 
trigger  light  energy.  From  this  figure,  it  is 
evident  that  delay  times  of  less  than  one  micro¬ 
second  can  be  achieved  with  reasonable  (about  300 
nJ/pulse)  light  trigger  pulses. 
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Fig.  7  Variation  of  the  delay  time  for  a  light 
activated  semiconductor  switch  as  a 
function  of  the  optical  triggering  energy. 
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Hg.  8  Photograph  of  two  completed  thyristors, 
the  one  on  the  left  is  conventional, 
with  electrical  gate  leads.  The  one  on 
the  right  has  the  same  performance,  but 
is  triggered  on  by  an  optical  signal. 


The  performance  of  the  device  is  sum¬ 
marized  in  Table  1.  The  values  in  this  table  com¬ 
pare  very  favorably  with  those  of  commercially 
available,  electrically  fired  units.  A  photograph 
of  the  packaged  light  triggered  thyristor  is  shown 
in  Figure  8  along  with  an  electrically  triggered 
thyristor  of  equivalent  performance.  The  two 
types  of  thyristors  are  electrically  and  mechani¬ 
cally  interchangeable  except  for  the  gating 
circuits. 

This  work  has  demonstrated  that  a  light 
triggered  thyristor  can  be  fabricated  with  per¬ 
formance  comparable  to  conventional,  electrically 
triggered  devices;  and  that  commercially  available 
laser  diodes  and  fiber  optic  cables  are  suitable 
for  triggering  such  devices. 


ULTRA  HIGH  SPEED  SWITCHES 

Now  let  us  move  into  a  very  different 
range  of  switching  speed.  If  a  silicon  thyristor 
is  illuminated  with  light  of  1.06  pm  wavelength, 
the  light  penetrates  from  the  cathode  surface  to 
the  back  plate  as  shown  in  Figure  9.  If  the 
light  intensity  is  high  enough,  elecfon-hole  pairs 
are  created  throughout  this  region  at  a  density 
comparable  to  that  shown  in  the  upper  curves  of 
Figure  2  and  the  device  is  "on"  as  soon  as  this 
happens.  The  light  traverses  the  slice  thickness 
in  about  one  psec,  so  this  sets  an  upper  limit 
to  the  switching  speed  of  the  LASS.  On  the 
other  hand,  using  a  mode  locked  laser,  light 
pulses  as  short  as  20  psec  can  be  generated.  This 
is  as  fast  as  it  is  presently  practical  to  get 
enough  light  into  the  silicon.  To  obtain  carrier 
densities  of  1018/cm3  requires  a  photon  density  of 
1018/cm3.  At  100%  efficiency,  this  requires 
0.18J/cm3  of  light  and  to  get  this  into  the  silicon 
in  20  psec  requires  a  peak  power  of  9  GW/cm3.  The 
peak  power  output  of  today's  mode  locked  YAG  lasers 
is  in  the  S  GW  range  with  about  40  watts  average 
power;  our  calculations  indicate  that  silicon  today 
can  effectively  control  about  5  x  104  watts/cm3 
average  power  in  the  pulsed  mode.  Thus,  using 
today's  technology  in  both  lasers  and  silicon  thy¬ 
ristors  will  permit  significant  levels  of  power  to 
be  controlled  with  comparatively  small  switches. 


Po unmi 
Infrared 
Radiation 
from  Yag  Laser 

r-  Cathode 


Table  1 

Performance  of  Light-Activated  Thyristor 


Forward  Blocking  Voltage 

Reverse  Blocking  Voltage 

Forward  rop  at  1300A 

dV/dt  at  125°C 

Latching  Gurrent 

Holding  Current 

Optical  Energy  to  Trigger 

Optical  Energy  for  Good  Turn-on 

Delay  Time 

Turn-on  Time 


2000  volts 
2000  volts 
2.0  volts 
> 1000V/ usee 
<100  ma 
MS  ma 
35  n.l 
300  n.I 
<1  usee 
<3.5  usee 


Fig.  9 


Schematic  cross-section  of  a  fast  light 
activated  semiconductor  switch. 


Average  power  is  not  very  meaningful 
when  one  is  talking  about  pulsed  power  appli¬ 
cations.  It  provides  a  measure  of  the  drain  on  the 
primary  power  supply  and  of  the  heat  to  be  dis¬ 
sipated.  Because  the  current  handling  capabilities 
of  the  thyristor  are  thermally  limited  and  because 
the  dissipation  increases  faster  than  the  square 
of  the  current,  peak  power  usage  usually  results 
in  reduced  average  power  rating. 
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With  support  from  the  USAF-APL,  Westing- 
house  has  performed  an  analytical  and  experimental 
investigation  of  the  LASS  for  high  power,  high 
dl/dt  applications.  The  program  was  started  in 
1974  with  the  goal  of  determining  the  maximum 
dl/dt  and  peak  current  densities  that  the  thy¬ 
ristor  could  stand  in  a  low  duty  cycle  mode  of 
operation.  Specific  performance  goals  and  the 
corresponding  values  achieved  are  shown  in  Table  2. 


Table  2 

Performance  of  Laser  Actived  Silicon  Switches 


Switched  Peak  Current  dl/dt 

Voltage  Amperes  kA/psec  Pulse 

V  Goal  Achieved  Goal  Achieved  Length 

1700  20,000  24,000  20  40  40  usee 

1000*  10,000  1100  100  nsec 

*  Extended  work  done  in  cooperation  with 
Lawrence  Livermore  Laboratories. 


An  analytical  investigation  was  per¬ 
formed  of  the  internal  operation  of  a  thyristor 
during  turn-on  and  conduction  of  high  current 
pulses  initiated  by  light.  Parameters  included 
in  the  analysis  were  current  density,  size  and 
configuration  of  the  illuminated  area,  path  of  the 
internal  currents,  carrier  densities,  forward  drop, 
heat  generation  and  removal,  effect  of  temperature 
on  other  parameters,  and  pulse  width.  A  mathe¬ 
matical  model  of  the  LASS  was  constructed  and 
embodied  in  a  computer  program  that,  given  the 
device  design  and  current  pulse  characteristics, 
returns  a  3-dimensional  temporal  and  spacial  map 
of  current  density  and  temperature  plus  a  des¬ 
cription  of  the  forward  voltage  drop  throughout  the 
length  of  the  pulse.  The  details  and  results  of 
this  analysis  and  computer  model  have  been  re¬ 
ported  previously.  ' 

The  above  model  needed  some  parameters 
to  be  set  by  measured  values  because  they  cannot 
be  derived  from  first  principles.  In  addition, 
an  experimental  verification  of  the  model  was  de¬ 
sired.  Therefore,  a  test  circuit,  shown  sche¬ 
matically  in  Figure  10,  was  fabricated  to  provide 
a  test  bed  for  LASS  units  fabricated  specifically 
for  this  work.  Figure  11  is  a  photograph  of  one 
of  the  thyristor  elements;  Figure  12  is  a  photo¬ 
graph  of  this  element  with  the  multifurcated  fiber 
optic  cable  used  to  distribute  the  laser  light 
among  the  eight  windows  shown  on  the  LASS  element. 
An  overall  view  of  the  test  set-up,  showing  the 
laser  output  head,  the  pulse  forming  network,  and 
the  container  for  the  LASS  element  is  shown  in 
Figure  13.  The  performance  of  the  LASS  in  this 
circuit  is  summarized  in  the  first  line  of 
Table  2.  It  can  be  seen  that  the  performance 
goals  were  met  or  exceeded  in  every  case. 


Fig.  10  Schematic  of  light  activated  silicon 

switch  test  apparatus.  When  the  laser 
turns  on  the  silicon  switch,  the  energy 
stored  in  the  pulse  forming  networks  is 
discharged  through  the  switch  into  the 
load  resistors. 


Fig.  11  Completed  light  activated  semiconductor 
switch  element  design  for  fast  turn-on. 


Fig.  12  Multifurcated  fiber  optic  cable  used  to 
couple  the  laser  beam  into  the  semi¬ 
conductor  element . 


247 


Fig.  13  Experimental  set  up  for  measuring  LASS 
performance.  The  laser  is  shown  on  the 
left  and  the  LASS  is  located  in  the 
center  of  the  fixture  on  the  right.  The 
door  has  been  opened  in  the  photograph 
to  show  the  pulse  forming  networks. 

At  the  time  that  this  program  was  begun, 
the  level  of  understanding  was  such  that  the  dl/dt 
and  peak  current  goals  seemed  formidable  and  pos¬ 
sibly  unattainable.  The  USAF  displayed  foresight 
and  courage  in  identifying  early  the  need  for  a 
reliable,  long  lived  high  power  switch  and  in  fund¬ 
ing  a  research  program  to  identify  and  solve  as 
many  problems  as  possible.  Because  of  this  effort, 
we  were  able  in  late  1975  and  1976  to  work  with  the 
Lawrence  Livermore  Laboratories  of  ERDA  and  ex¬ 
tend  the  demonstration  of  the  dl/dt  capabilities 
of  the  LASS  up  to  1012  A/sec.  It  is  now  evident 
that  the  value  of  the  dl/dt  is  almost  entirely 
circuit  dependent  since  the  thyristor  has  ex¬ 
tremely  low  self  inductance. 

This  work  has  demonstrated  that  a  laser 
activated  silicon  switch  is  capable  of  extremely 
fast  turn-on  to  very  high  currents.  When  coupled 
with  previous  work  for  the  United  States  Navy,  it 
has  now  been  shown  that  high  voltage  (tens  of  kV), 
high  current  (10's  of  kA)  switches  with  rise  times 
of  the  order  of  1012  A/sec  are  feasible. 

FUTURE  POSSIBILITIES 

The  light  activated  semiconductor  switch 
is  a  device  now  emerging  with  promise  for  signifi¬ 
cant  applications  for  the  1980’s.  We  see  the 
device  evolving  into  several  forms  including: 

1.  Single  units  packaged  in  a  conventional  manner 
as  shown  in  Figure  8. 

2.  Single  units  with  much  greater  blocking  voltage 
capability  (up  to  10  kV) . 

3.  Modules  with  high  voltage  blocking  capability 
that  can  be  integrated  into  systems. 

4.  Self-contained  assemblies  that  will  block  10's 
of  kV  and  pass  10's  of  kA  with  the  liehr  source 
internal  to  the  assembly. 


In  addition,  as  systems  designers  under¬ 
stand  the  advantages  and  disadvantages  of  the  LASS, 
requests  for  variations  in  performance  will  result 
in  a  number  of  performance  improvements  such  as 
improved  sensitivity  to  the  light  triggering  signal 
for  phase  controlled  units  and  improved  light  dis¬ 
tribution  and  heat  removal  for  the  ultra-fast  LASS. 
Units  that  block  modest  voltages  (<  S  kV)  and 
switch  low  currents  (<  25  A)  at  low  cost  will  be 
desired  and  will  become  available.  The  repetition 
rate  and  the  reliability  of  the  light  sources  will 
increase.  We  foresee  application  in  such  fields 
as : 

high  energy  lasers  for  fusion,  weapons, 
and  isotope  separation 

simulation  of  electromagnetic  pulse  (EMP) 

magnetically  confined  fusion 

laser  or  electron-beam  compressed  fusion 

target  designators,  man  portable  and  mobile 

aircraft  electrical  distribution  and  control 
systems 

electric  utility  power  conditioning 

It  is  our  purpose  in  this  paper  to  alert  the  aero¬ 
space  electronics  community  that  this  technology 
is  emerging. 


CONCLUSIONS 

We  have  described  in  some  detail  two 
examples  of  light  activated  thyristors  to  illus¬ 
trate  the  range  of  performance  capabilities  avail¬ 
able.  The  more  glamorous  example  shows  a  fantastic 
turn-on  speed  to  very  high  currents  and  promises  to 
become  important  in  high  power  pulse  circuits  which 
need  the  very  fast  turn-on  from  high  blocking 
voltages  to  high  current  pulses  at  a  low  duty 
cycle.  The  other  example,  though  prosaic  in  char¬ 
acter,  may  well  prove  to  be  just  as  useful  in 
aerospace  electronics  as  the  utilization  of  fiber 
optic  cables  for  control  signals  increases.  This 
type  of  thyristor  will  perform  compatibly  with  such 
fiber  optic  cable  systems  while  providing  per¬ 
formance  comparable  to  present  electrically  gated 
thyristors.  This  technology  is  in  the  early 
stages  of  development  and  a  considerable  range  of 
performance  can  be  expected  to  become  available  in 
the  next  few  years  if  you,  the  users,  demand  them. 
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FUTURE  PROSPECTS  FOR  FAST,  HIGH  POWER,  LONG  LIFE,  SOLID  STATE  SWITCHES 


D.  J.  Page  and  L.  R.  Lowry 

Westinghouse  Research  Laboratories 
Beulah  Road,  Churchtll  Borough 
Pittsburgh,  Pennsylvania  15235 


ABSTRACT 

The  optically  activated  thyristor  shows  great  promise  in  meeting  the 
needs  of  the  pulsed  power  community  for  a  very  fast,  high  power,  high  repetition 
rate,  long  life  switch.  This  paper  describes  how  conventional  and  optically 
activated  thyristors  operate  and  why  the  optically  activated  unit  can  perform 
so  well.  A  calculation  of  the  theoretical  upper  limits  of  the  device  are 
presented,  and  the  problems  that  must  be  solved  to  obtain  a  viable  switch  are 
discussed. 

INTRODUCTION 

To  generate  the  electrical  pulses  needed  by  pulse  power  system 
applications  such  as  lasers,  electron  beams,  and  plasma-physics  experiments, 
switches  are  needed  that  can  operate  at  reasonable  repetition  rates  for  long 
periods  of  time.  An  ideal  switch  would  have  the  ability  to  switch  high  power 
(gigawatts),  fast  rise  time  (nanoseconds),  capability  of  repetitive  operation 
(kilohertz),  and  an  inherently  unlimited  life. 

High-power  fast-rise-time  devices  such  as  spark  gaps  and  liquid  or 
solid  dielectric  switches  have  limited  life.  Long-life  devices  with  fast  rise 
time  (thyratrons,  ignitrons,  hard  tubes,  and  transistors)  are  useful  only  at 
low  or  moderate  power.  The  thyristor,  a  four-layer  (PNPN)  semiconductor  device, 
has  the  longevity  of  solid-state  devices  and  a  power-switching  capability 
approaching  that  of  the  spark  gap.  The  inherent  switching  speed  of  the  electric¬ 
ally  triggered  device  is  relatively  slow,  but  recent  developments  have  dramat¬ 
ically  increased  the  switch-on  speed  of  thyristor  type  structures.  And,  by 
operating  these  devices  at  a  low  duty  cycle,  it  is  possible  to  achieve 
simultaneously  nanosecond  switching  times  and  conduction  of  tens  of  thousands 
of  amperes.  By  turning  the  thyristor  "on"  with  laser  radiation,  current  rises 
of  the  order  of  10®  A/psec  have  been  demonstrated;^  and  it  is  believed  that 
in  all  cases  to  date  the  current  rise  has  been  limited  by  the  test  circuit 
rather  than  by  the  switch.  This  paper  reviews  the  state  of  the  art,  describes 
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the  basics  of  power  thyristor  operation,  and  shows  why  laser  firing  provides 
several  orders  of  magnitude  of  improvement  in  the  switching  characteristics. 

Some  experimental  results  are  presented,  the  upper  limitations  imposed  by  the 
physics  of  materials  are  defined,  the  performance  of  a  particular  switch  is 
projected,  and  the  problems  that  must  be  solved  are  enumerated. 

STATE  OF  THE  ART  OF  POWER  SEMICONDUCTOR  SWITCHES 

In  recent  years  the  power  handling  capability  of  power  semiconductor 

(2) 

devices,  particularly  thyristors  and  rectifiers,  has  increased  significantly.  ' 

With  the  availability  of  large  diameter  silicon  crystals,  large  area  devices 

are  being  developed.  At  the  present  time,  commercial  devices  are  available 

2  2 

with  active  areas  of  nearly  20  cm  and  devices  with  over  40  cm  are  at  the 
development  stage.  Such  devices  will  be  capable  of  conducting  several  thousand 
amperes  continuously. 

Advances  in  processing  techniques  have  allowed  the  voltage  rating  of 
power  devices  to  increase  to  over  3  KV.  Still  higher  blocking  voltages  are 
desirable  for  pulsed  power  applications.  The  usual  approach  to  increasing 
blocking  voltage  capability  also  increases  forward  conduction  losses  and  the 
turn-off  time. 

The  turn-on  time  is  especially  important  in  high  frequency  or  in  very 
high  power  pulsed  systems.  By  employing  special  electrode  designs,  it  has  been 
possible  to  significantly  reduce  the  turn-on  switching  losses  and  to  obtain 
devices  which  can  tolerate  a  rapid  rise  in  the  conduction  current.  Figure  1 
shows  one  example  of  such  an  electrode  design.  However,  there  are  practical 
limits  to  what  can  be  achieved  by  electrode  design  improvements. 

When  a  thyristor  is  turned-on  by  an  electrical  gate  signal,  only  a 
small  area  of  the  device  is  initially  conducting,  and  the  power  dissipation  in 
the  conducting  region  must  be  constrained  within  safe  limits.  A  conventional 
thyristor  is  shown  in  cross  section  in  Figure  2.  Assume  that  the  device  is 
in  the  off  state  and  that  the  anode  contact  is  at  some  high  positive  potential 
relative  to  the  cathode  contact.  The  central  p-n  junction  is  reverse  biased 
and  a  depletion  region  exists  as  shown  cross-hatched  in  Figure  2.  To  initiate 
turn-on,  a  small  signal,  positive  with  respect  to  the  cathode,  is  applied  to 
the  gate  electrode.  The  path  of  the  gate  current  is  as  indicated  from  the 
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Figure  1.  A  thyristor  chip  incorporating  an  amplifying  gate 
and  interdigitated  cathode  electrode. 
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Figure  2.  Cross  section  of  a  conventional  thyristor 

(not  to  scale)  illustrating  the  turn-on  process. 
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gate  electrode  to  the  cathode  electrode.  When  this  current  is  large  enough, 
the  p-n  junction  will  be  forward  biased  and  electrons  will  be  injected  into 
the  base  region  at  the  inside  edge  of  the  cathode.  These  electrons  will  diffuse 
towards  the  depleted  region  and  then  be  carried  by  drift  within  the  depleted 
region  due  to  the  high  electric  field.  Upon  reaching  the  other  side  of  the 
depleted  region  the  electrons  will  forward  bias  the  anode  p-n  junction, 
causing  the  injection  of  holes  into  the  n-base  region.  These  holes  will  tra¬ 
verse  the  device  in  a  manner  similar  to  the  electrons  and  result  in  further 
forward  bias  of  the  cathode  p-n+  junction.  This  will  result  in  further  electron 
injection  from  the  cathode  and  hence  further  hole  injection.  The  net  result 
will  be  double  injection  of  charge  into  the  base  regions  and  the  voltage  across 
the  depletion  region  will  collapse.  The  turn-on  process  has  now  commenced  and 
anode  current  is  established  at  the  inside  edge  region  of  the  cathode  as 
indicated  in  Figure  2.  This  "on"  region  will  then  spread  laterally  at  about 
40  microns  per  microsecond  until  the  entire  cathode  region  is  conducting. 
However,  the  anode  current  must  be  limited  by  the  external  circuit  until  sub¬ 
stantial  spreading  of  the  "on  region"  has  taken  place. 

When  the  turn-on  process  is  completed,  a  plasma  of  electrons  and 
holes  exists  in  the  base  regions  of  the  device  with  a  density  distribution  as 
indicated  by  the  upper  curves  in  Figure  3.  The  lower  curves  indicate  the  free 
carrier  density  distribution  in  the  device  in  the  unbiased  state. 


Cathode  Anoae 

Figure  3.  Carrier  distribution  within  a  thyristor  in  the 
conducting  state  and  in  the  unbiased  state. 
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The  turn-on  process  just  described  is,  in  terms  of  pulsed  power 
applications,  very  slow.  From  the  time  that  the  trigger  signal  is  applied 
until  the  anode  voltage  starts  to  fall  is  typically  one-half  microsecond.  The 
fall  time  is  typically  one-quarter  microsecond.  Both  of  these  values  can  vary 
widely  from  unit  to  unit.  This  slowness  of  turn-on  results  in  high  power 
dissipation  under  large  di/dt  conditions;  the  variation  in  the  values  results 
in  overvoltaging  of  and  subsequent  failure  of  devices  when  they  are  connected 
in  series  strings  for  high  voltage  applications.  In  utility  and  industrial 
applications,  series  inductors  are  installed  to  limit  the  di/dt  to  acceptable 
values.  This  approach  is  intolerable  in  pulsed  power  applications. 

One  approach  to  partially  solving  these  problems  is  shown  in  cross 
section  in  Figure  4.  This  is  the  Reverse  Blocking  Diode  Thyristor  or  RBDT, 
formerly  known  as  the  reverse  switching  rectifier  or  RSR.  This  is  a  two- 
terminal  device  which  operates  as  follows:  Let  the  anode  electrode  be  at  a  high 
positive  potential.  Most  of  the  n  and  p  base  will  be  depleted  of  charge  because 
the  voltage  is  dropped  across  the  reverse  biased  center  p-n  junction.  In  this 
state  the  device  can  be  regarded  as  a  capacitor.  If  now  a  positive  voltage 
pulse  is  applied  to  the  anode,  charge  will  flow  within  the  device  to  further 
charge  the  capacitor.  This  charge  will  flow  in  the  manner  indicated  in  Figure  4 
beneath  each  of  the  n  emitter  regions  and  hence  to  the  cathode  electrode  via 
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Figure  4.  Cross  section  of  a  reverse  blocking  diode  thyristor  showing 
the  displacement  current  paths  when  the  anode  is  subjected 
to  a  positive  step  of  voltage.  This  current  causes  the 
emitter  junctions  to  become  forward  biased  and  turn  on 
takes  place  over  a  large  area  of  the  device. 
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the  emitter  shunts.  If  this  capacitive  current  is  large  enough,  it  will  create 
a  lateral  voltage  drop  sufficient  to  forward  bias  the  emitter  p-n  junctions. 

The  emitter  regions  will  become  forward  biased  at  a  matrix  of  points  interstitial 
to  the  emitter  shunt  pattern.  In  this  manner,  a  large  area  of  the  device  can 
be  turned  on  rapidly.  Devices  of  this  type  have  achieved  rates  of  current  rise 
of  8000  A/ysec  and  are  well  suited  to  series  stacking  because  it  is  not 
necessary  to  produce  the  isolated  trigger  circuitry  that  is  required  for  con¬ 
ventional  thyristor  strings.  This  device,  therefore,  shows  considerable  promise 
as  a  high  power  switch  in  many  pulsed  power  system  applications.  It  has  the 
additional  advantage  that  it  is  commercially  available  in  two  different  sizes. 

The  approach  which  has  demonstrated  the  shortest  switching  time  (of 
the  order  of  10  nanoseconds)  and  the  highest  di/dt  capability  is  optical 
activation  by  laser.  This  is  shown  schematically  and  with  artistic  license  in 
Figure  5.  This  again  is  a  two-terminal  pnpn  structure.  If  a  positive 
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Figure  5.  Schematic  cross  section  of  a  light  activated 
semiconductor  switch. 

potential  is  applied  to  the  anode  electrode,  the  center  p-n  junction  will  be 
reverse  biased,  carriers  will  be  depleted  from  the  central  region,  and  the 
device  will  be  in  the  forward  blocking  (off)  state.  In  all  the  devices  des¬ 
cribed  earlier,  turn  on  involved  various  means  of  obtaining  injection  of 
electrons  and  holes  from  the  cathode  and  anode  to  achieve  the  plasma  charge 
density  shown  in  Figure  3.  This  is  a  relatively  slow  mechanism  because  it 
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involves  diffusion  processes  which  are  inherently  slow.  Optical  activation 

creates  all  the  free  carriers  necessary  for  conduction  in  the  bulk  of  the 

device  by  illuminating  the  device  with  photons  whose  energy  is  closely  matched 

to  the  silicon  band  gap,  i.e.,  1.09  eV.  This  process  is  extremely  rapid  and 

can  be  used  to  create  a  plasma  in  the  depletion  region  without  having  to  rely 

on  transverse  diffusion  of  charge  from  the  trigger  electrode  region.  The 

results  with  intrinsic  silicon  indicate  that  turn-on  times  on  the  order  of 

(31 

tens  of  picoseconds  are  achievable.  ' 

In  practice,  the  required  radiation  is  obtained  from  a  neodymium 
doped  YAG  laser  and  has  a  wavelength  of  1.06  microns.  Such  radiation  is  closely 
matched  to  the  band  gap  of  silicon  and  results  in  efficient  conversion  of 
photons  to  electron  hole  pairs.  To  maximize  the  efficiency  of  the  optical 
coupling  to  the  silicon,  the  polarized  radiation  is  introduced  into  the  silicon 
at  the  Brewster  angle. 

Using  this  technique,  the  plasma  of  electrons  and  holes  that  normally 
exist  in  the  base  regions  of  a  thyristor  in  conduction  can  be  instantaneously 
produced.  The  area  of  turn  on  can  be  large  and  transit  time  limitations  to 
establish  the  plasma  by  injection  from  the  cathode  and  anode  emitters  are 
greatly  reduced.  Furthermore,  series  stacking  is  greatly  simplified  by  the 
isolated  nature  of  the  trigger  system.  An  optical  system  for  stacking  devices 
to  produce  a  high  voltage  switch  is  shown  in  Figure  6.  Here,  a  single  laser 
beam  is  split  up  into  a  number  of  beams  each  of  which  is  applied  to  a 
semiconductor  device.  The  scheme  ensures  simultaneity  of  switching;  and, 
therefore,  only  a  minimum  equalization  network  is  necessary  to  ensure  equal 
voltage  division  by  the  devices.  We  have  demonstrated  stacks  of  devices  with 
only  shunting  resistors  instead  of  the  usual  RC  networks.  Some  of  the 
experimental  results  achieved  to  date  for  single  devices  under  various  operating 
conditions  are  summarized  in  Table  1. 

BASIC  LIMITATIONS 

Considerable  analysis  has  been  performed  by  Westinghouse  under 
in-house  programs  and  under  government  contracts.  The  analysis  indicates 
that  there  is  still  room  for  a  considerable  increase  in  the  power  switching 
capabilities  of  silicon  semiconductors.  For  instance,  the  power  gain  in  the 
absence  of  regeneration  within  the  semiconductor  can  be  obtained  by  considering 


Figure  6.  An  optical  scheme  employed  to  turn  on  a  series 
stack  of  thyristors.  The  beam  splitters  are 
designed  to  equally  divide  the  laser  beam. 


Table  1. 

Summary  of  Experimental  Data 

Vol tage 

Swi tched 

(KV) 

Pulse 

Current 

(KA) 

Pulse 

Duration 

(us) 

di/dt 

(KA/us) 

Peak 

Power 

Switched 

(MW) 

Pulse 

Repetition 

Rate 

(pps) 

1.5* 

1.8 

5 

4. 

2.7 

60 

.6 

3. 

1 

20. 

1.8 

<  1 

1.7 

20. 

40 

40. 

34. 

1 

1.02 

9.82 

0.1 

755. 

10. 

<  1 

*  Stack  of  10  devices  operated  in  series.  Voltage  limited  by  power 
supply  availability. 
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that  every  free  carrier  created  consumed  one  photon  of  1.06  eV.  If  the 
off-state  blocking  voltage  VQ  appears  across  the  load  in  the  on  state,  then 
this  carrier,  falling  through  a  potential  VQ,  will  deposit  VQ  electron  volts  in 
the  load.  Thus,  for  a  1-eV  input  and  a  1S00-V  blocking  voltage,  the  output 
energy  would  be  1500  eV,  yielding  a  maximum  power  gain  of  1500.  Although  the 
efficiency  of  creating  carriers  using  photons  can  be  arbitrarily  high,  the 
process  of  getting  the  photons  into  the  depletion  region  in  an  efficient  manner 
is  an  important  area  for  further  investigation. 


The  inherent  switching  power  density 
estimated  from 


(Pdmax) 


of  the  material  can  be 


=  E  J  a. 
max  max 


Em,v  for  silicon  is  200  kV/cm  and  a  is  a  form  factor  (1/2)  to  take  into  con- 

IMaX 

sideration  the  nonuniform  electric  field  in  the  depletion  region.  J  can  be 

max 

estimated  from  the  equation 

•u  =  nev- 

where  n  is  the  carrier  density,  e  is  the  electronic  charge,  and  v  is  the  carrier 

velocity.  A  reasonable  figure  for  maximum  optically  generated  carrier  density 

is  10^°/cm3,  and  the  optical  phonon  velocity  limit  in  silicon  is  107  cm/s. 

on  7  _iq  ft?  1 

Thus,  =  10  x  10;  x  1.6  x  10  =  1.6  x  10  A/cm  ,  and  P.m=v  =  ^  x  2  x 

c  max  o  o  dmax  2 

103  x  1.6  x  10°  =  1.6  x  10  3  W/cm. 

For  devices  where  internal  carrier  regeneration  is  provided  as  in  the 

present  experiments,  the  power  gain  becomes  unlimited  since  only  a  trigger  is 

required.  For  maximum  switch  power  density,  the  same  figures  apply  except  that 

18  3 

the  normal  injection  carrier  density  is  approximately  10  /cm  .  Thus,  the 
maximum  switch  power  density  would  be 

pdmax  *  '■6*>0n  U/an3. 

The  highest  power  density  achieved  to  date  is  of  the  order  of  101<3  W/cm3.  It 
exported  that  this  level  could  be  significantly  increased  with  appropriate 
•*fort . 


■  MODELING 

A-  tr.ji/tical  model  has  been  developed  to  relate  the  various  device 
■ir  ■[-•'rate  during  turn-on  so  as  to  predict  the  forward  voltage 
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drop  and  the  spatial  and  temporal  temperature  distribution  within  the  device 
for  any  given  current  pulse.  This  model  has  been  described  elsewhere 
Experiments  have  been  performed  that  demonstrate  reasonably  good  agreement  of 
the  mOv,el  with  experimental  data. 

Individual  thyristor  elements  can  handle  large  but  limited  amounts 

of  power.  This  is  an  advantage  in  pulsed  power  work  because  standardized 

building  blocks  of  reasonable  size  can  be  used  to  assemble  a  structure  capable 

of  switching  hundreds  of  thousands  of  amperes  and  volts.  Once  the  basic 

building  block  or  module  is  developed,  one  need  develop  only  the  special  package 

configuration  to  meet  the  requirements  of  each  application.  As  an  example  of 

what  can  be  done  with  the  present  state  of  the  art,  we  have  used  the  theoretical 

model  described  above  to  predict  the  performance  of  one  element  of  an  optically 

fired  switch.  Each  element  will  block  3000  volts  and  is  to  switch  a  10,000 

ampere  peak  current  with  a  pulse  duration  of  one  microsecond  and  rise  and  fall 
5 

rates  of  10  A/microsecond.  It  is  assumed  that  the  pulse  shape  and  width  is 
set  by  a  pulse  forming  network.  Figure  7  shows  the  pulse  current  and  the  con¬ 
ducting  voltage  drop  for  the  thyristor  element  assuming  that  the  illuminated 


FIGURE  7  -  THE  CALCULATED  VOLTAGE  AMO  THE  DRIVING  CURRENT  WAVEFORMS  FOR  A 
10.000  AMPERE  PEAK  PULSE  FOR  A  PARTICULAR  OPTICAL  SLIT  DESIGN 
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slit  is  20  cm  long.  The  temperature  distribution  within  the  element  during 
the  pulse  is  shown  in  the  three-dimensional  plot  of  Figure  8.  Each  element 
will  dissipate  approximately  0.4  joules/pulse  and  the  average  conducting  voltage 
drop  is  about  40  volts.  At  a  pulse  repetition  rate  of  250  pps  this  corresponds 
to  a  power  dissipation  of  100  watts.  Conventional  silicon  thyristors  can 
dissipate  up  to  100  watts/cm  .  However,  a  device  of  several  square  cm  will 
probably  be  required  to  attain  the  specified  voltage  drop  --  perhaps  as  large 
as  5  cm  dia. 


Now  let  us  extend  our  projection  to  include  the  performance  of  a 
switch  with  the  following  characteristics : 


Peak  blocking  voltage 
Working  blocking  voltage 
Pulse  current  rise 
Pulse  current  peak 
Pulse  duration  FWHM 
Pulse  repetition  rate 


42,000  V 
30,000  V 
100,000  A/wsec 
10,000  A 
1  usee 
250  pps 


These  switch  requirements  are  not  highly  ambitious  for  either  pulsed  power 
applications  or  as  goals  for  semiconductor  performance.  But  such  a  switch 
could  be  formed  from  14  elements  connected  in  series  (assuming  the  3  KV  blocking 
capability  initially  specified).  This  leads  to  about  1400  watts  dissipation 
during  conduction  and  to  a  520  volt  drop  at  mid-pulse.  Such  a  switch  is  well 
within  the  present  state-of-the-art,  but  considerable  effort  will  be  required 
to  reduce  the  forward  drop  by  an  order  of  magnitude  and  to  provide  appropriate 
packaging  including  means  of  introducing  the  light. 


PROBLEMS  TO  BE  SOLVED 

Over  the  last  half  century,  several  billion  dollars  have  been 
invested  by  government  and  industry  in  solid  state  research,  development, 
manufacturing  facilities,  and  the  resultant  products.  Without  the  background 
of  this  long-term  effort,  we  could  not  seriously  consider  a  semiconductor 
switch  for  pulse  power  applications.  Even  so,  pulsed  power  systems  impose 
on  solid  state  devices  regions  of  operation  that  have  not  been  adequately 
investigated,  and  which  will  not  be  pursued  for  other  applications.  The  pulsed 
power  systems  users  must  face  the  fact  that  if  they  need,  as  we  believe  they  do, 
the  semiconductor  switch,  then  they  must  pay  the  cost  of  the  specialized 
research  and  development  needed  to  obtain  a  viable  product. 
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FIGURE  8  -  TEMPERATURE  PROFILES  VERSUSE  TIME  FOR  THE  CURRENT 
PULSE  OF  FIGURE  7.  THE  ORIGIN  CORRESPONDS  TO  t  =  0,  THE  START 
OF  THE  PULSE,  AND  TO  THE  CENTER  OF  THE  DIRECTLY  ILLUMINATED 
REGION  (SLIT) 
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Work  on  improved  processing  and  materials  to  permit  higher  blocking 
voltages  and  higher  current  densities  will  provide  improvements  that  are 
generic  to  all  pulsed  power  semiconductor  switches.  So,  too,  will  work  on  the 
related  problems  of  light  introduction  and  electrical  and  thermal  contacting, 
on  passivation  techniques,  and  on  improved  laser  performance,  as  well  as  basic 
work  on  operating  parameters  such  as  the  minimum  light  required,  and  the 
influence  of  design  parameters  on  forward  voltage  drop  and  internal  temperature 
rise.  Technology  improvement  programs  are  appropriate  to  advance  the  state-of- 
the-art  in  these  areas.  On  the  other  hand,  problems  of  package  size  and 
configuration,  although  common  as  problems,  will  for  the  foreseeable  future 
require  solutions  that  are  specific  to  each  application;  and,  therefore,  design 
and  development  programs  for  each  application  are  the  appropriate  vehicle  to 
accomplish  the  desired  ends. 

SUMMARY 

We  have  described  the  potential  of  semiconductor  switches  for  high 
power  pulsed  systems.  The  electrically  gated  thyristor  has  limited  usefulness 
in  such  systems  because  of  the  comparatively  long  and  variable  turn-on  tine. 

A  relatively  new  device,  the  RBDT,  is  starting  to  be  used  in  some  applications 
where  faster  current  rise  time  is  required.  The  fastest  switch  of  all,  the 
optically  fired  thyristor,  has  been  described  and  experimental  data  have  been 
presented  that  confirm  the  theoretical  promise  of  the  device.  Finally,  we 
have  discussed  the  problems  that  must  be  solved  before  a  viable  optically 
fired  switch  is  truly  available  for  pulsed  power  applications. 
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SOLID  STATE  HIGH  POWER  PULSE  SWITCHING 

by 

P.  F.  Pittman  and  D.  J.  Page 
Westinghouse  Research  Laboratories 
Beulah  Road,  Pittsburgh,  Pennsylvania  15235 

ABSTRACT 


In  this  paper,  the  structural  features  and  the  methods  of 
turning  on  high  power  thyristors,  reverse  blocking  diode 
thyristors  and  light  activated  silicon  switches  are  reviewed. 
The  advantages  and  limitations  of  these  devices  are  described 
together  with  a  description  of  the  performance  achieved  to 
date  by  the  various  devices.  Finally,  the  operation  of 
these  devices  in  series  strings  to  form  high  power  switching 
modules  is  described. 


Introduction 


Fifteen  years  ago,  the  highest  rating  of  a  semiconductor  switch  was 
80  amperes  and  1400  volts,  and  since  that  time,  there  has  been  a  steady 
growth  in  the  power  than  can  be  switched.  Today,  solid  state  devices 
capable  of  switching  megawatts  of  power  are  commonplace.  The  highest 
blocking  voltage  of  these  devices  has  now  reached  about  5kV,  but  due  to 
fundamental  limitations,  significant  further  improvement  is  unlikely. 
Current  handling  capability  on  the  other  hand  is  likely  to  grow 
steadily  as  devices  with  ever  increasingly  larger  conducting  area  are 
being  developed.  These  devices  are  operated  at  an  average  current 
density  of  about  100A/ cm2  at  the  present  time,  and  devices  with  over 
thirty  square  centimeters  of  conduction  are  available.  As  the 
crystal  growth  techniques  are  developed  and  other  process  improvements 
are  made,  we  can  look  forward  to  even  higher  current  ratings.  Devices 
with  over  forty  square  centimeters  of  conducting  area  are  now  under 
development . 

All  of  these  switches  have  been  designed  for  high  duty  cycle 
operation  at  low  frequency.  The  switching  speed  of  these  devices  is 
relatively  slow  although  some  devices  employing  special  electrode 
structures  and  processing  techniques  have  been  designed  to  operate  at 
frequencies  up  to  tens  of  kilohertz.  However,  the  inherent  switching 
speed  of  thyristor  type  structures  is  relatively  slow  when  conventional 
triggering  techniques  are  employed.  There  have  been  some  recent  develop¬ 
ments  that  have  dramatically  increased  the  switch-on  speed  of  high  power 
thyristor  type  devices.  By  operating  these  devices  at  a  low  duty  cycle, 
it  seems  possible  that  nanosecond  switching  times  and  conduction  of 
tens  of  thousands  of  amperes  are  feasible.  Such  extremely  high  rates 
of  rise  and  peak  current  levels  of  power  switching  have  only  been  possible 
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up  to  the  present  time  by  using  spark-gaps.  These  devices  suffer  from 
problems  of  reliability  and  short  operating  life,  and  are  confined  to  very 
low  switching  frequencies.  The  firing  techniques  and  structures  described 
in  this  paper  lead  us  to  conclude  that  solid  state  devices  can  achieve 
the  same  high  level  of  power  switching  as  spark  gaps  and,  at  the  same  time, 
exhibit  the  reliability  and  longevity  associated  with  semiconductor  devices. 

The  operation  of  the  basic  thyristor  is  first  described  and  some 
basic  limitations  are  outlined,  and  this  is  followed  by  a  description  of 
the  amplifying  gate  structure  with  increased  di/dt  rating.  The  structure 
of  the  RBDT*,  an  even  higher  di/dt  device,  will  then  be  discussed.  Finally, 
the  highest  di/dt  semiconductor  structure,  the  light  activated  silicon 
switch,  will  be  described. 

The  use  of  these  devices  in  switching  circuits  will  be  discussed, 
together  with  various  techniques  to  fire  the  arrays  of  devices. 

Thyristor  Operation 

When  a  thyristor  is  turned  on  by  a  pulse  of  gate  trigger  current, 
the  rate-of-rlse  of  anode  current  must  be  limited  by  the  external  circuit. 
The  reason  for  this  is  that  only  a  small  area  of  the  device  is 
initially  turned  on  and  the  resultant  power  dissipation  in  the  "on"  or 
conducting  region  must  be  kept  down  to  safe  limits.  This  is  best  explained 
by  referring  to  Fig.  1  which  shows  the  cross  section  of  a  conventional 
thyristor.  Let  us  assume  that  the  device  is  in  the  off  state  and  the 
anode  contact  is  at  some  high  positive  potential  relative  to  the  cathode 
contact.  The  central  p-n  junction  is  reverse-biased  and  a  depletion  region, 
shown  cross-hatched  in  Fig.  1,  exists.  The  device  can  be  turned  on  by 
applying  a  small  positive  signal  to  the  gate  electrode  relative  to  the 
cathode.  The  resultant  gate  current  will  flow  along  the  path  indicated 
from  the  gale  to  the  cathode  electrode.  If  the  current  is  large  enough, 
the  voltage  drop  laterally  within  the  p-base  region  underneath  the  n+ 
emitter  will  be  sufficient  to  forward  bias  the  p-n+  junction  and  electrons 
will  be  injected  into  the  base  region  at  the  inside  edge  of  the  cathode. 
These  electrons  will  diffuse  towards  the  depleted  region  and  then  be 
carried  by  drift  within  the  depleted  region  due  to  the  high  electric  field. 
Upon  reaching  the  other  side-  of  the  depleted  region,  the  electrons  will 
forward-bias  the  anode  p-n  junction,  causing  the  injection  of  holes  into 
the  n-base  region.  These  holes  will  traverse  the  device  in  a  manner  similar 
to  the  electrons  and  result  in  further  forward  bias  of  the  cathode  p-n+ 
junction.  This  will  result  in  further  electron  injection  from  the 
cathode  and  hence  further  hole  injection.  The  net  result  will  be  double 
injection  of  charge  into  the  base  regions  and  the  voltage  across  the 
depletion  region  will  collapse.  The  turn-on  process  has  now  commenced  and 
current  flows  at  the  inside  edge  region  of  the  cathode.  This  results  in 
anode  current  flowing  in  this  region  as  indicated  in  Fig.  1.  This  "on" 
region"  will  then  spread  at  about  forty  microns  per  microsecond  until  the 
entire  cathode  region  is  conducting.  However,  the  anode  current  must  be 
limited  by  the  external  circuit  until  the  conducting  area  has  grown  to 
such  a  size  that  extremely  high  current  densities  are  not  encountered. 

When  the  turn-on  process  is  completed,  a  plasma  of  electrons  and 
holes  exists  in  the  base  regions  of  the  device  with  a  density  of  about 
10l®  c:m-l . 

The  conducting  region  in  a  thyristor  can  be  observed  by  imaging  the 
infrared  radiation  emitted  from  the  recombination  of  electrons  and  holes 


•■'Formerly  kt.-iuii  as  the  RSR. 
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within  the  on  region  in  the  device.  This  is  done  by  etching  an  array  of 
small  holes  in  the  cathode  electrode  to  allow  the  radiation  to  leave  the 
device.  The  radiation  is  observed  using  an  image  converter  tube,  and  by 
gating  the  imaging  system,  the  turn-on  process  in  a  thyristor  can  be 
examined  in  detail. 

Figure  2  shows  the  on  region  in  a  thyristor  12  usee  after  initiation 
of  turn  on  carrying  140A,  50  usee  after  initiation  of  turn  on  carrying 
350A,  and  finally  120  usee  after  turn  on  carrying  400A.  Note  here 
the  small  fraction  of  the  total  device  area  that  is  initially  turned 
on. 


r  i*niW«r  Shunts 


Fig.  1.  Cross  section  of  a  con¬ 
ventional  thyristor  (not 
to  scale)  illustrating 
the  turn  on  process. 


Fig.  2.  Images  of  the  infrared 

radiation  emitted  from  a 
conventional  thyristor  taken 
at  various  times  after  the 
initiation  of  turn  on.  This 
shows  how  the  spreading  of 
the  conduction  region  takes 
place  from  the  center  of  the 
device . 


One  way  of  improving  the  device  is  to  increase  the  inside  perimeter 
of  the  cathode  electrode  so  that  the  initial  on  region  will  be  larger  and 
hence  the  current  can  be  allowed  to  rise  more  rapidly.  However,  if  this 
is  done  the  gate  current  to  fire  the  device  will  become  excessively 
large  because  of  the  lower  lateral  resistance  of  the  p-base  region. 

This  can  be  compensated  by  incorporating  an  amplifying  gate.  A  cross 
section  of  a  device  with  this  feature  is  shown  in  Fig.  3.  Here  a 
small  thyristor  is  integrated  into  the  center  of  the  thyristor.  This  is 
the  n+  emitter  region  beneath  the  floating  pilot  cathode  electrode. 

The  turn-on  of  the  device  is  similar  to  the  first  case  discussed  and  a 
gate  current  is  made  to  flow  from  the  gate  electrode  to  the  cathode 
(labeled  1).  The  geometry  of  the  n  emitter  regions  is  adjusted  so  that 
the  emitter  beneath  the  floating  cathode  becomes  forward  biased  before 
the  main  emitter  region.  The  gate  current  then  causes  injection  from 
the  pilot  cathode  and  this  area  turns  on  and  results  in  pilot  cathode 
current  (labeled  2).  This  current  then  supplements  the  original  gate 
current  and  assists  in  turning  on  the  main  cathode  region,  resulting  in 
the  flow  of  main  cathode  current  (labeled  3).  The  floating  pilot 
cathode  electrode  and  the  main  cathode  can  be  designed  with  an  inter- 
digitated  pattern,  giving  the  desired  large  cathode  perimeter.  The 
current  can  be  allowed  to  rise  fairly  rapidly  in  such  devices,  typically 
at  the  rate  of  about  2000A/psec.  An  interdigitated  amplifying  gate 
thyristor  is  shown  in  Fig.  A. 
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Fig.  3.  Cross  section  of  a  thyristor  in¬ 
corporating  an  amplifying  gate 
structure.  Here  the  sequence  of 
turn  on  is  illustrated,  starting 
with  a  gate  current  labeled  1, 
resulting  in  a  pilot  anode 
current  2  which  in  turn  results 
in  a  main  anode  current  3. 


Fig.  4.  A  thyristor  chip  in¬ 
corporating  an  amplifying 
gate  and  interdigitated 
cathode  electrode. 


Reverse  Blocking  Diode  Thyristor  (RBDT) 


This  two  terminal  structure  is  shown  in  cross  section  in  Fig.  5.  The 
device  is  switched  on  by  applying  a  positive  pulse  to  the  anode  electrode. 

An  explanation  of  the  device  operation  is  as  follows:  Let  the  anode 
electrode  be  at  a  high  positive  potential.  Most  of  the  n  and  p  base  will 
be  depleted  of  charge  because  the  voltage  is  dropped  across  the  reverse 
biased  center  p-n  junction.  In  this  state  the  device  can  be  regarded  as 
a  capacitor.  If  now  a  positive  voltage  pulse  is  applied  to  the  anode, 
charge  will  flow  within  the  device  to  further  charge  the  capacitor.  This 
current  will  flow  in  the  manner  indicated  in  Fig.  5  beneath  each  of  the  n 
emitter  regions  and  hence  to  the  cathode  electrode  via  the  emitter  shunts. 

If  this  capacitive  current  is  large  enough,  it  will  create  a  lateral  voltage 
drop  sufficient  to  forward  bias  the  emitter  p-n  junctions.  The  emitter 
regions  will  become  forward  biased  at  a  large  number  of  points  in  the 
emitter  pattern.  In  this  manner,  a  large  area  of  the  device  can  be  turned 
on  rapidly.  These  devices  are  well  suited  for  series  stacking  because  it 
is  not  necessary  to  produce  the  isolated  trigger  circuitry  that  is  required 
for  conventional  thyristor  stacks. 

Devices  of  this  type  have  demonstrated  rates  of  rise  of  current  up  to 
8000A/usec,  and  are  commercially  available  in  two  sizeB.* 


Light  Activated  Semiconductor  Switch 

The  fastest  turn  on  is  achieved  by  the  light  activated  silicon  switch 
(LASS)  which  is  shown  schematically  in  Fig.  6.  This  again  is  a  two-terminal 
pnpn  structure.  If  a  positive  potential  is  applied  to  the  anode  electrode, 
the  center  p-n  junction  will  be  reverse  biased  and  carriers  will  be  depleted 


Westinghouse  types 


T40R  and  T60R. 
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Fig.  5.  Cross  section  of  a  reverse 
conducting  thyristor  show¬ 
ing  the  displacement  current 
paths  when  the  anode  is 
subjected  to  a  positive  step 
of  voltage.  This  current 
causes  the  emitter  junctions 
to  become  forward  biased  and 
turn  on  takes  place  over  a 
large  area  of  the  device. 


PoUn/ed 

Infrared 

Radiation 


of  a  light  activated 
semiconductor  switch. 


from  the  central  region  and  the  device  will  be  in  the  forward  blocking 
(off)  state.  In  all  the  devices  described  earlier,  turn  on  involved 
various  means  of  obtaining  injection  of  electrons  and  holes  from  the 
cathode  and  anode  to  achieve  a  high  injected  plasma  charge  density.  This 
is  a  relatively  slow  mechanism  because  it  involves  diffusion  processes 
which  are  inherently  slow.  There  is  another,  much  faster,  method  of 
creating  a  plasma  of  electrons  and  holes  in  the  base  regions  and  that 
is  by  optical  absorption.  By  illuminating  the  silicon  with  light,  photons 
can  be  absorbed  and  create  electron-hole  pairs.  This  process  is  extremely 
rapid  and  can  take  place  within  the  depletion  region,  creating  a  plasma 
without  having  to  rely  on  diffusion  of  charge  from  the  electrode  regions. 

In  practice,  the  infrared  radiation  is  obtained  from  a  neodymium 
doped  YAG  laser  and  has  a  wavelength  of  1.06  microns.  Such  radiation  is 
closely  matched  to  the  band  gap  of  silicon  and  results  in  efficient  con¬ 
version  of  photons  to  electron  hole  pairs.  To  obtain  more  efficient 
optical  coupling  to  the  silicon,  the  polarized  radiation  is  introduced  into 
the  silicon  at  the  Brewster  angle. 

Using  this  technique,  the  plasma  of  electrons  and  holes  that  normally 
exist  in  the  base  regions  of  a  thyristor  in  conduction  can  be  instantaneously 
produced.  The  area  of  turn  on  can  be  large  and  transit  time  limitations 
associated  with  establishment  of  the  plasma  by  injection  from  the  cathode 
and  anode  emitters  are  greatly  reduced.  Furthermore,  series  stacking  is 
greatly  simplified  by  the  isolated  nature  of  the  trigger  system. 

A  stack  of  ten  devices  fired  with  a  single  laser  using  a  beam  splitter 
system  has  been  operated  at  AOOOA/usec  with  a  peak  current  of  1800  amperes 
at  a  60  Hz  repetition  rate.  The  power  limit  was  set  by  the  circuit  and 
not  by  the  devices.  Each  thyristor  was  capable  of  blocking  1200  volts. 

A  test  apparatus  designed  to  produce  fast  rising  current  pulses  is 
shown  schematically  in  Fig.  7.  This  apparatus  is  composed  of  40  pulse 
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forming  networks  (PFN's)  arranged  in  parallel  to  give  an  effective 
characteristic  impedance  of  0.04fi,  the  electrical  length  of  the  pulse  forming 
network  being  40  usee.  The  circuit  is  designed  to  be  charged  to  2000  volts. 

A  50  mm  diameter  light  fired  semiconductor  switch  is  located  at  the  center 
of  the  pulse  forming  networks  and  is  used  to  switch  the  power  from  the  PFN's 
into  the  load  resistors.  The  laser  on  the  left  of  Fig.  7  is  directed  at 
the  multifurcated  light  pipe,  which  in  turn  is  directed  through  the  specially 
designed  window  in  the  silicon  switch.  Using  this  technique  we  have  switched 
peak  currents  of  25KA  at  rates  up  to  40KA/usec.  The  waveform  of  such  a 
switching  event  is  shown  in  Fig.  8. 


Fig.  7.  Schematic  of  light  activated 
silicon  switch  test  apparatus. 
When  the  laser  turns  on  the 
silicon  switch,  the  ienergy 
stored  in  the  pulse  forming  net¬ 
works  is  discharged  through  the 
switch  into  the  load  resistors. 


Fig.  8.  Current  waveform  obtained 
by  discharging  system  in 
Fig.  7.  The  time  scale  is 
5  usee /division,  current 
scale  5KA/division. 


Even  higher  rates  of  current  rise  have  been  achieved  using  parallel 
connected  strip  lines  and  low  inductance  connections.  In  this  case,  peak 
currents  of  10KA  and  current  rates  of  rise  of  750KA/psec  have  been  measured. 

Pulse  lengths  in  this  case  were  100  nsec.  The  results  are  summarized  in  Table  1. 


Table  1 


Line 

Impedance 

(0) 

Charge 

Voltage 

(V) 

Peak 

Current 

(A) 

Pulse 

Length 

di 

dt 

(KA/usec) 

Peak 

Power 

(MW) 

50 

750 

16 

100  nsec 

3.75 

0.011 

0.104 

1020 

9820 

100  nsec 

755 

10.0 

0.040 

1700 

25000 

40  usee 

40 

42.5 

■ 
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Circuit  Considerations 


Pulse  network  charging  voltages  in  the  multikt lovolt  range  are  common¬ 
place  in  radar  modulation  circuits,  while  the  most  advanced  short  pulse 
applications  call  for  switches  which  can  block  from  100  kV  to  1  MV.  Since 
the  basic  devices  used  for  switch  construction  are  limited  to  a  few  kilo- 
volts»  the  need  for  series  operation  of  semiconductor  switching  devices 
is  obvious. 

The  modularity  of  power  pulse  switching  circuitry  utilizing  semi¬ 
conductor  devices  can  be  of  great  benefit  to  the  circuit  designer  because 
it  provides  an  additional  degree  of  flexibility  not  otherwise  available. 

A,  given  set  of  load  requirements  can  be  satisfied  using  a  single  series 
string  of  switching  devices,  or  by  combinations  of  series-connected 
devices  switching  individual  pulse  networks  whose  outputs  are  combined 
and  coupled  to  the  load  by  a  pulse  transformer.  Although  this  flexibility 
is  not  available  across  the  board,  it  does  offer  a  valuable  option 
within  certain  limits. 

Although  series  connection  of  switching  devices  is  feasible  and 
attractive,  direct  paralleling  is  generally  avoided.  Unless  passive 
current  sharing  components  are  placed  in  series  with  parallel  connected 
devices,  current  is  generally  not  shared  equally  defeating  the  purpose 
of  the  parallel  connection.  The  use  of  passive  current  sharing  components 
is  expensive  and  results  in  the  introduction  of  undesirable  series  voltage 
drops.  Therefore,  direct  paralleling  of  switching  devices  is  not 
considered  in  subsequent  discussions.  If,  however,  current  multiplication 
is  needed,  individual  switches  can  be  used  to  discharge  individual  networks 
into  a  common  load  or  into  a  pulse  transformer  primary. 

The  types  of  solid  state  switches  discussed  will  then  be  arrays  of 
semiconductor  switching  devices  connected  in  series  to  obtain  a  relatively 
high  voltage  blocking  capability. 

Series  Operation  Considerations 

When  a  number  of  switching  devices  are  series-connected  to  hold  off 
a  high  PFN  charge  voltage,  a  resistor  must  be  connected  in  parallel  with 
each  device  to  insure  uniform  division  of  the  PFN  voltage  between  all 
switching  devices  when  in  the  off  state  as  shown  in  Fig.  9.  All  resistors, 
Ral  to  Ran,  should  be  equal  in  value  and  should  be  low  enough  in  resistance 
to  swamp  out  differences  in  switching  device  leakage  currents  over  the 
full  range  of  operating  temperatures,  but  they  should  be  high  enough  so 
that  the  PFN  is  not  discharged  appreciably  between  pulses. 

A  four  layer  switching  device  can  be  triggered  on  by  a  sharply 
rising  voltage  transient  appearing  between  anode  and  cathode.  To  guard 
against  such  an  occurrence  at  an  undesirable  time  caused  by  a  miscellaneous 
circuit  transient,  RC  networks  are  sometimes  connected  across  each  of 
the  switching  devices  in  the  series  string  as  shown  al60  in  Fig.  9  as 
Rbi  to  Rbn  and  to  Cn. 

The  complexity  of  the  triggering  apparatus  required  depends  upon 
the  type  of  basic  device  structure  used  in  the  switch.  The  purpose  of 
the  triggering  circuitry  is  to  turn  on  at  the  same  instant  all  individual 
switching  devices  which  comprise  the  complete  switch.  In  practice, 
however,  this  is  impossible  to  accomplish  because  all  switching  devices 
do  not  exhibit  the  same  delay  time,  defined  as  the  interval  between 
receipt  of  the  triggering  stimulus  and  the  time  when  anode  voltage  begins 
to  fall.  The  effects  of  delay  time  on  switch  performance  are  discussed 
in  the  following  paragraphs. 
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When  a  series  string  of  switching  devices  receives  a  triggering  signal, 
the  devices  with  shorter  turn-on  delay  times  turn  on  before  those  whose 
delay  times  are  longer.  When  this  occurs,  the  off  state  voltages  formerly 
blocked  by  the  devices  turning  on  first  are  shared  as  increased  off  state 
voltages  applied  to  those  devices  which  turn  on  last.  The  result  of  this 
effect  is  different  for  each  of  the  three  types  of  device  structures 
considered,  so  each  one  will  be  discussed  in  turn. 

In  a  thyristor  switch,  the  result  of  differences  in  turn-on  delay 
times  between  individual  devices  can  be  catastrophic  failure.  If  the  applied 
off-state  voltages  of  the  devices  having  longer  delay  times  exceed  the 
maximum  forward  blocking  capability  of  the  device  structure  before  turn-on 
takes  place,  catastrophic  failure  will  occur.  The  presence  of  the  RC 
snubber  network  helps  to  protect  against  this  situation  to  some  extent, 
but  in  high  power  pulse  circuitry,  the  amount  of  protection  the  snubber 
can  offer  is  minimal  if  other  problems  are  to  be  avoided.  Greater  protection 
is  afforded  by  use  of  larger  values  of  capacitance,  but  too  large  a 
capacitor  increases  the  turn-on  dissipation  of  the  switching  device  excessively. 

The  RBDT  series  string  is  triggered  on  by  application  of  a  fast-rising, 
high  voltage  pulse  to  all  or  part  of  the  series  string  of  devices.  Devices 
with  short  delay  times  turn  on  first  allowing  the  triggering  voltage  they 
formerly  blocked  to  be  applied  to  the  devices  with  longer  delay  times. 

The  slowei  devices  then  receive  added  turn-on  drive  which  tends  to 
shorten  their  remaining  turn-on  delay  time.  Because  the  RBDT  turns  on  as  a 
result  of  a  fast  rising  high  voltage  pulse,  turn-on  delay  time  phenomena 
cannot  cause  catastrophic  failure  as  is  the  case  with  the  thyristor.  If 
anything,  the  effects  of  differing  turn-on  delay  times  are  minimized  by  the 
turn-on  mechanism  of  the  RBDT. 

The  effects  on  series  switch  performance  of  turn-on  delay  time 
differences  between  devices  is  theoretically  the  same  for  the  LASS  as  it  is 
for  the  thyristor.  However,  as  a  consequence  of  the  laser  drive  used  to 
initiate  triggering,  turn-on  delay  time  is  reduced  to  a  value  so  small 
that  for  all  practical  purposes  it  can  be  ignored.  All  LASS  devices  in 
a  series  string  respond  so  quickly  and  uniformly  to  the  laser  drive  that 
no  voltage  increase  is  observed  on  any  device  in  the  string  prior  to  turn-on. 

Circuits  which  generate  high  power  pulse  currents  by  the  discharge 
of  pulse  networks  in  general  tend  to  reverse  bias  the  switching  device  at 
the  end  of  the  pulse  owing  to  reverse  charging  of  the  network.  In  contrast 
to  the  action  of  a  thyratron,  a  semiconductor  switching  device  will  not 
block  reverse  voltage  immediately  following  forward  pulse  current  conduction 
until  a  reverse  current  has  flowed  for  a  time  sufficient  to  sweep  out  all 
stored  charge.  When  this  point  is  reached,  reverse  current  is  suddenly 
interrupted  and  the  device  blocks  whatever  reverse  voltage  the  external 
circuit  impresses  on  it. 

The  quantity  of  stored  charge  contained  in  a  semiconductor  device 
following  forward  pulse  current  conduction  varies  from  device  to  device. 

If  a  switch  comprises  a  series  string  of  semiconductor  switching  devices, 
the  reverse  sweep-out  current  will  be  the  same  for  all,  but  due  to  stored 
charge  variations,  the  time  duration  of  reverse  current  flow  before 
reverse  blocking  capability  is  regained  will  vary  from  device  to  device. 

The  device  with  the  smallest  amount  of  stored  charge  will  recover  first 
and  then  attempt  to  block  the  entire  voltage  impressed  upon  it  by  the 
external  circuit.  In  general,  such  a  condition  leads  to  catastrophic 
failure  in  a  series  switching  circuit  unless  precautions  are  taken. 


'•’or  all  three  device  structures  considered,  turn-off  time  is  minimized 
when  a  small  amount  of  reverse  bias  is  applied  to  the  semiconductor 
switching  devices  following  the  end  of  forward  pulse  current  flow.  This 
can  be  accomplished  by  the  same  circuit  techniques  used  to  protect  devices 
against  catastrophic  reverse  voltage  transients  as  shown  in  Fig.  9.  Diode 
Dr  and  the  resistor  Rr  serve  as  a  damping  network  to  limit  peak  reverse 
voltage  applieu  to  the  switch  overall,  as  is  commonly  done  in  thyratron 
circuits.  Individual  stored  charge  variations  between  semiconductor 
switching  devices  are  taken  into  account  by  the  placement  of  individual 
diodes,  Dl  to  Dn,  in  antiparallel  connection  across  each  switching 
device.  When  the  device  containing  the  smallest  quantity  of  stored  charge 
recovers,  the  reverse  switch  current  interrupted  by  it  is  diverted  to  its 
antiparallel  diode  which  provides  a  path  for  it  to  flow  and  prevents 
the  generation  of  a  high  reverse  voltage  transient. 

In  general,  semiconductor  switching  devices  tailored  for  optimum 
pulse  switching  do  not  also  exhibit  short  turn-off  time.  At  present,  RBDT 
devices  are  manufactured  with  turn-off  times  in  the  range  of  100  to  200  us 
at  rated  junction  temperature,  and  although  thyristors  can  be  made  with 
turn-off  times  much  less  than  these,  the  thyristors  suitable  for  fast 
pulse  switching  have  turn-off  times  between  100  and  200  ys  as  well. 

The  situation  regarding  the  turn-off  time  of  the  LASS  is  less  clear 
because  LASS  has  not  yet  been  fully  evaluated  in  pulse  circuitry.  Present 
LASS  devices  are  made  from  thyristor  structures  with  turn-off  times 
ranging  from  50  to  100  ys,  but  it  appears  that,  in  the  future,  devices 
with  shorter  values  of  turn-off  time  can  be  developed. 

Comparison  of  Alternatives 

Each  of  the  switching  device  structures  considered  offers  a  certain 
combination  of  performance  parameters.  When  a  device  must  be  chosen 
for  a  given  application,  the  best  fit  between  the  requirements  of  the 
application  and  device  performance  should  be  obtained. 

From  the  standpoint  of  voltage  blocking  capability,  there  is  little 
to  choose  from  at  present  between  the  thyristor,  the  RBDT,  and  the  LASS. 

The  basic  fast  switching  structures  of  all  three  are  capable  of  blocking 
about  the  same  voltage.  In  virtually  all  cases,  individual  devices  must 
be  series-connected  to  realize  a  high  voltage  switch. 

For  short  pulse  work  (less  than  20  ys),  the  maximum  allowable  peak 
current  is  related  to  di/dt,  pulse  length,  and  PRF.  The  thyristor 
structure  is  the  poorest,  in  regard  to  the  compromise.  The  RBDT  is  next, 
and  the  best  is  the  LASS  because  its  turn-on  losses  are  lower. 

The  maximum  allowable  di/dt  is  dependent  on  peak  current,  pulse  length, 
and  PRF.  The  larger  the  initial  area  turned  on,  the  higher  the  maximum 
allowable  value  of  di/dt  as  discussed  earlier.  In  this  regard,  the 
thyristor  is  the  poorest,  the  RBDT  is  better,  and  the  LASS  the  best. 

Semiconductor  device  turn-off  time  depends  upon  the  combination  of 
parameters  chosen  for  device  design,  and  in  addition,  it  depends  on 
junction  temperature.  If  a  hot  spot  is  developed  at  a  given  point  on 
the  surface  of  the  device  owing  to  small  area  turn-on,  it  will  be  the 
determining  factor  for  turn-off  time.  In  regard  to  turn-off  time,  then, 
the  RBDT  is  superior  to  the  thyristor.  Because  it  lias  not  yet  been  fully 
evaluated,  the  turn-off  time  of  the  LASS  operating  in  fast,  high  power 
pulse  circuitry  has  yet  to  be  determined. 

Each  of  the  three  device  structures  considered  requires  a  different 
form  of  trigger.  The  simplest  to  trigger  is  the  thyristor  which  requires 
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a  relatively  small  gate  current  of  the  order  of  a  few  amperes  at  several 
volts.  In  series  string  connections,  however,  the  current  for  each  device 
must  be  supplied  by  an  isolated  source.  The  RBDT  requires  a  high  voltage, 
fast  rising  voltage  pulse  of  sufficient  amplitude  to  break  over  all  or  a 
substantial  part  of  the  series  string  of  devices.  The  trigger  pulse,  which 
must  have  a  leading  edge  rate-of-rise  between  5  and  10  kV/ps,  need  not  be 
more  than  a  few  microseconds  in  duration  regardless  of  load  current  pulse 
length.  The  LASS  must  be  triggered  by  radiation  of  a  certain  wavelength. 

The  required  pulse  is  best  produced  by  a  neodymium  YAG  laser.  The  radiation 
can  be  distributed  to  the  individual  devices  connected  in  a  series  string  by 
use  of  fiber  optics  or  with  conventional  optics  using  beam  splitters. 

Triggering  techniques  increase  in  complexity  and  cost  in  going  from 
the  thyristor  to  the  RBDT  to  the  LASS.  When  a  device  is  chosen  for  use 
in  a  given  application,  the  increased  system  cost  resulting  from  the  require¬ 
ment  for  a  more  complex  triggering  system  must  be  justified  by  the  necessity 
for  the  higher  di/dt  capability  obtained. 

Basic  Circuit  Techniques 

For  the  purposes  of  this  discussion,  the  switch  will  be  assumed  to 
serve  as  the  device  which  discharges  a  PFN  or  line  into  a  load  matched 
reasonably  closely  to  the  network  or  line  characteristic  impedance.  This 
type  of  basic  circuit  configuration  covers  generally  most  applications  from 
small  radar  modulators  to  high  power  laser  pulsers. 

Shown  in  Fig.  10  is  a  simplified  basic  configuration  of  a  discharge 
circuit  using  a  series  thyristor  switch.  As  discussed  earlier,  shunting 
diodes,  snubber  networks  and  voltage  equalizing  components  may  be  included 
if  called  for  in  the  application.  Each  thyristor  must  be  gated  on  by  an 
isolated  gating  circuit.  A  common  triggering  signal  must  initiate  simultaneous 
gate  current  injection  into  all  thyristors  to  minimize  turn-on  voltage  spikes. 


Signal 

Fig.  10.  Circuit  using  thyristor 


swil ch. 

Shown  in  Fig.  11  is  a  simplified  basic  configuration  of  a  discharge 
circuit  using  a  series  RBDT  switch.  Each  RBDT  device  is  shunted  by  a  diode, 
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a  snubber  network  reduced  to  a  small  capacitor  only,  and  a  voltage  equalizing 
resistor.  A  short,  fast  rising  high  voltage  pulse  is  delivered  to  the 
switch  by  the  secondary  of  the  trigger  pulse  transformer.  Diode  Di  prevents 
the  PFN  from  shorting  the  trigger  pulse  to  ground,  and  diode  D2  prevents 
the  PFN  from  discharging  through  the  pulse  transformer.  Diode  D3  helps 
to  further  limit  peak  reverse  voltage.  The  trigger  pulse  must  be  generated 
by  the  discharge  of  a  capacitor  into  the  primary  of  the  trigger  transformer 
by  a  fast  switch  such  as  another  RBDT  or  a  thyratrou.  The  trigger  pulse 
is  applied  to  the  entire  switch  by  diode  D2.  In  other  configurations, 
the  pulse  can  be  applied  to  a  portion  of  the  series  string  as  long  as  the 
portion  is  greater  than  1/2. 

Shown  in  Fig.  12  is  a  simplified  basic  configuration  of  a  discharge 
circuit  using  a  series  LASS  switch.  The  LASS  devices  are  shunted  by 
antiparallel  diodes  and  voltage  equalizing  resistors.  It  appears  that 
in  some  applications,  small  snubber  networks  will  be  required,  but  because 
of  the  negligibly  small  turn-on  delay  times,  no  dynamic  equalizing 
capacitance  is  needed. 


Fig.  11.  Circuit  using  RBDT  switch. 


Laser 

Radiation 

Trigger 


Fig.  12.  Circuit  using  LASS  switch. 


The  radiation  applied  to  trigger  the  LASS  devices  is  provided  by  a 
neodymium  YAG  laser.  It  can  be  delivered  to  the  devices  in  one  of  two  ways. 
As  shown  in  Fig.  13,  conventional  optics  with  beam  spitters  located  near 
each  of  the  devices  can  be  employed  to  direct  a  certain  portion  of  the 
laser  radiation  toward  each  device  while  passing  on  an  appropriate  amount 
to  the  remaining  devices.  On  the  other  hand,  fiber  optics  of  the  type 
shown  in  Fig.  14  can  be  used. 


Conclusions 


As  a  result  of  advances  made  in  the  semiconductor  industry,  several 
solid  state  pulse  power  switching  devices  are  now  either  available  or  under 
development.  These  will  make  possible  pulse  generation  ranging  from 
negligibly  small  values  of  dl/dt  to  levels  higher  than  10^^  A/sec.  As 
switching  devices  with  increasingly  high  di/dt  ratings  are  selected  for 
application,  the  complexity  and  cost  of  triggering  increases  also.  It 
is  important,  therefore,  to  select  the  device  best  suited  to  each  application, 
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Fig.  13.  Beam  splitter  optical  system. 


Fig.  14.  Fiber  optic  cables. 


and  to  make  sure  that  the  device  selected  is  not  overly  qualified,  because 
if  it  is  circuit  cost  will  be  Increased  beyond  the  level  where  it  should  be. 
Thyristors  of  many  types  are  available  now  for  limited  use  in  pulse 
switching  applications.  RBDT  devices  are  available  and  have  been  used 
in  a  number  of  radar  modulators. ^  Devices  employing  the  LASS  structure 
are  now  under  development  supported  by  government  contracts.  Because 
the  LASS  is  still  under  development,  it  has  not  been  fully  characterized 
to  determine  the  ultimate  limits  of  its  peak  current  and  di/dt  capabilities. 
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APPENDIX  VI 

OSCILLOGRAMS  OF  ORIGINAL  DATA 


In  the  following  oscillograms,  the  general  form  of  the  traces 
is  as  shown  in  Figure  VI-1.  However,  in  several  cases,  one  or  more  of 
the  traces  is  so  faint  that  it  may  not  always  appear  in  the  reproduction. 
In  these  cases,  the  associated  scale  value  has  been  marked  with  an  (*) . 


Dwg.  6415A14 


Figure  VI-1.  General  format  of  the  oscillograms.  The  actual 
location  of  the  zero  line  must  be  carefully  established  in 
each  instance. 
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Device  2G6  Photo  5 

1700  V,  40  PFN's 

Zero  line  -  1  div  above 
bottom 

Scales: 

Horiz  -  5  psec/div 

Vert  -  4000  A/div 
10  V/div 
20  V/div 
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Device  2G4  Photo  12 

1275  V,  11  PFN's 

Zero  line  -  1  div  above 
bottom 

Scales: 

Horiz  -  5  ysec/div 

Vert  -  1000  A/div 
10  V/div 
20  V/div 
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Device  2G4  Photo  13 

1275  V,  20  PFN's 

Zero  line  -  1  div  above 
bottom 

Scales: 

Horiz  -  5  ysec/div 

Vert  -  2000  A/div 
10  V/div 
20  V/div 

8  light  pipes 


Device  2G4  Photo  14 

1275  V,  25  PFN's 

Zero  line  -  1  div  above 
bottom 

Scales; 

Horlz  -  5  psec/div 

Vert  -  2000  A/div 
10  V/div 
20  V/div 

8  light  pipes 


Device  2G4  Photo  15 

1275  V,  30  PFN's 

Zero  line  -  1  div  above 
bottom 

Scales: 

Horiz  -  5  psec/div 

Vert  -  2000  A/div 
10  V/div 
20  V/div 

8  light  pipes 


Device  2G4  Photo  16 

1275  V,  35  PFN's 

Zero  line  -  1  div  above 
bottom-V 

-  at  bottom-I 

Scales: 

Horiz  -  5  psec/div 

Vert  -  2000  A/div 
10  V/div 
20  V/div 


8  light  pipes 


Device  2G4  Photo  17 

1275  V,  40  PFN's 

Zero  line  -  1  div  above 
bottom 

Scales: 

Horlz  -  5  psec/div 

Vert  -  5000  A/div 
10  V/div 
20  V/div 

8  light  pipes 


Device  2G4  Photo  18 

1700  V,  20  PFN's 

Zero  line  -  1  div  above 
bottom 

Scales : 

Horiz  -  5  psec/div 

Vert  -  2000  A/div 
10  V/div* 
20  V/div* 

Voltage  signal  clamped 
8  light  pipes 


Device  2G4  Photo  19 

1700  V,  25  PFN's 

Zero  line  -  1  div  above 
bottom 

Scales: 

Horiz  -  5  psec/div 
Vert  -  2000  A/div 


8  light  pipes 


Device  2G4  Photo  20 

1700  V,  25  PFN's 

Zero  line  -  1  div  above 
bottom 

Scales: 

Horiz  -  5  ysec/div 

Vert  -  10  V/div 
20  V/div 

Voltage  clamped 
8  light  pipes 


Photo  21 


Zero  line  -  1  div  above 
bottom 

Scales : 

Koriz  -  5  ysec/div 

Vert  -  5000  A/ div 
10  V/div* 
20  V/div* 

Voltage  clamped  at  45  V 
8  light  pipes 


Photo  22 


Zero  line  -  1  div  above 
bottom 


Horiz  -  5  psec/div 

Vert  -  5000  A/div 
10  V/div 

8  light  pipes 
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Device  2G6  Photo  97 

425  V,  20  PFN's 

Zero  line  -  1  div  above 
bottom 

Scales: 

Horiz  -  5  psec/div 

Vert  -  1000  A/div 
10  V/div 
20  V/div 
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Device  2G6  Photo  89 

425  V,  20  PFN's 

Zero  line  -  2  div  above 
bottom-V 

-  1.4  div  above 
bottom-I 


Scales: 

Horiz  -  5  psec/div 

Vert  -  1000  A/div 
10  V/div 
20  V/div 
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Device  2G6  Photo  88 

425  V,  39  PFN's 

Zero  line  -  1  div  above 
bottom 

Scales: 

Horiz  -  5  psec/div 
Vert  -  10  V/div 
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Photo  92 


Zero  line  -  1  div  above 
bottom 

Scales : 


Horiz  -  5  ysec/div 

Vert  -  1000  A/div 
20  V/div 

8  light  pipes 


Photo  83 


Zero  line  -  1  div  above 
bottom 


Horiz  -  5  ysec/div 

Vert  -  10  V/div* 
20  V/div* 


Photo  83A 


Zero  line  -  1  div  above 
bottom 


Horiz  -  5  psec/dlv 

Vert  -  2000  A/div 
20  V/div 
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Photo  93 


Zero  line  -  1  div  above 
bottom 

Scales: 


Horiz  -  5  psec/div 
Vert  -  10  V/div 


Photo  94 


Zero  line  -  1  div  above 
bottom 


Horiz  -  5  psec/div 
Vert  -  2000  A/ div 


Photo  96A 


Zero  line  -  1  div  above 
bottom 


Horiz  -  5  psec/div 

Vert  -  2000  A/div* 
10  V/div 
20  V/div 
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Device  2G6  Photo  150 

1275  V,  30  PFN's 

Zero  line  -  1  div  above 
bottom 

Scales: 

Horiz  -  5  ysec/div 

Vert  -  2000  A/div* 
10  V/div 
20  V/dlv 


Device  2G6  Photo  151 

1275  V,  35  PFN's 

Zero  line  -  1  div  above 
bottom 

Scales: 

Horiz  -  5  ysec/div 

Vert  -  2000  A/div 
10  V/div 
20  V/div* 


Device  2G6  Photo  152 

1275  V,  40  PFN's 

Zero  line  -  1  div  above 
bottom 

Scales: 

Horiz  -  5  psec/div 

Vert  -  4000  A/div* 
10  V/div 
20  V/div 
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Device  2G6 


Photo  153 


Zero  line  -  1  div  above 
bottom 

Scales: 


Horiz  -  5  ysec/div 

Vert  -  2000  A/ div 
10  V/div 
20  V/div 


Photo  154 


Zero  line  -  1  div  above 
bottom 

Scales: 


Horiz  -  5  ysec/div 

Vert  -  4000  A/div 
10  V/div* 
20  V/div 


Device  2G6  Photo  155 

1700  V,  35  PFN's 

Zero  line  -  1  div  above 
bottom 

Scales: 

Horiz  -  5  ysec/div 

Vert  -  4000  A/div 
10  V/div 
20  V/div* 
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Device  2G6  Photo  156 

1700  V,  20  PTO'a 

Zero  line  -  1  div  above 
bottom 

Scales: 

Horiz  -  5  ysec/div 

Vert  -  4000  A/div 
10  V/div* 
20  V/div 


Device  2G6  Photo  100 

850  V,  40  PFN's 

Zero  line  -  1  div  above 
bottom 

Scales: 

Horiz  -  5  paec/div 

Vert  -  10  V/div 
20  V/div 

light  pipes  8-1-2-3 
in  slots  2-4-6-8 


Device  2G6  Photo  101 

850  V,  40  PFN's 

Zero  line  -  1  div  above 
bottom 

Scales: 

Horiz  -  5  psec/div 
Vert  -  2000  A/div 
light  pipes  8-1-2-3 
in  slots  2-4-6-8 
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Photo  103 


Zero  line  'v  1  div  above 
bottom 


Horiz  -  5  psec/div 
Vert  -  2000  A/div 
light  pipes  8-1-2-3-7 
in  slots  2-4-6-8-7 


Photo  104 


Zero  line  -  1  div  above 
bottom 


Horiz  -  5  psec/div 

Vert  -  10  V/div 
20  V/div 

light  pipes  8-1-2-3-7 
in  slots  2-4-6-8-7 


Photo  105 


Zero  line  -  1  div  above 
bottom 


Horiz  -  5  psec/div 
Vert  -  2000  A/div 
light  pipes  2-4-5-6-7-8 
in  slots  8-1-5-2-7-3 
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Device  2G6  Photo  108 

850  V,  40  PFN's 

Zero  line  -  1  div  above 
bottom 

Scales: 

Horiz  -  5  ysec/div 

Vert  -  10  V/div 
20  V/div 

8  light  pipes 


Device  2G6  Photo  112 

850  V,  40  PFN's 

Zero  line  -  1  div  above 
bottom 

Scales: 

Horiz  -  5  ysec/div 
Vert  -  2000  A/div 
8  light  pipes 


Device  2G6  Photo  106 

850  V,  40  PFN’s 

Zero  line  -  1  div  above 
bottom 

Scales: 

Horiz  -  5  ysec/div 

Vert  -  10  V/div 
20  V/div 

light  pipes  8-1-2-3 
in  slots  1-3-5-7 
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Am  T  " 


Photo  110 


Zero  line  -  1  div  above 
bottom 


Horiz  -  5  psec/div 
Vert  -  2000  A/div 
light  pipes  8-1-2-3 
in  slots  1- 3-5-7 


Photo  109 


Zero  line  -  1  div  above 
bottom 


Scales: 

Horiz  -  5  psec/div 
Vert  -  2000  A/div 
light  pipes  8-1-2-3 
in  slots  8-1-4-5 


Photo  113 


Zero  line  -  1  div  above 
bottom 

Scales: 

Horiz  -  5  psec/div 

Vert  -  10  V/div 
20  V/div 

light  pipes  8-1-2-3 
in  slots  8-1-4-5 


Device  2G6  Photo  114 

850  V,  40  PFN's 

Zero  line  -  1  dlv  above 
bottom 

Scales: 

Horiz  -  5  ysec/div 

Vert  -  10  V/div 
20  V/div 

no  attenuation  of  light 


Photo  115 


Zero  line  -  1  div  above 
bottom 


Horiz  -  5  ysec/div 
Vert  -  10  V/div 
38%  light  attenuation 
filters  CS7-56 


Device  2G6  Photo  116 

850  V,  40  PFN's 

Zero  line  -  1  div  above 
bottom' 

Scales: 

Horiz  -  5  ysec/div 
Vert  -  10  V/div 
55%  light  attenuation 
filters  CS3-73  &  CS7-56 
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Device  2G6  Photo  117 

850  V,  40  PFN’s 

Zero  line  -  1  div  above 
bottom 

Scales: 

Horiz  -  5  ysec/div 

Vert  -  10  V/div 

62%  light  attenuation 

filters  CS5-76,  CS3-73,  & 
CS7-56 


Device  2G6  Photo  118 

850  V,  40  PFN’s 

Zero  line  -  1  div  above 
bottom 

Scales: 

Horiz  -  5  psec/div 

Vert  -  10  V/div 

68%  light  attenuation 

filters  CS5-56,  CS5-56, 
CS3-73,  &  CS7-56 


Device  2G6  Photo  119 

850  V,  40  PFN's 

Zero  line  -  1  div  above 
bottom 

Scales: 

Horiz  -  5  usec/div 

Vert  -  10  V/div 

77.3%  light  attenuation 

filters  CS2-61,  CS2-58, 
CS5-56,  CS5-56 
CS3-73,  &  CS7-56 


Photo  120 


Zero  line  -  1  div  above 
bottom 


Horiz  -  5  ysec/div 

Vert  -  2000  A/div 

77.3%  light  attenuation 

filters  CS2-61,  CS2-58 
CS5-56,  CS5-56 
CS3-73,  &  CS7-56 


Devi.ce  2G6  Photo  121 

850  V,  40  PFN’s 

Zero  line  -  1  div  above 
bottom 

Scales: 

Horiz  -  5  usec/div 

Vert  -  50  V/div 

Light  unattenuated  and 
77.3%  attenuation 

Voltages  probes  direct  - 
no  clamping  circuit 
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